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2Q,  Abacr«ct  (cont’d) 

^calcuUtfd.  Th«  nwrliie  Bedlment*  In  Prudhoe  U«y  K*nBr«lly  contain  mor«  calcium 
carbonate,  organic  carbon,  and  Interatitlal  water  than  tha  underlying  glacial 
and  tluvlal  gravela.  On  land,  a eurflcial  layer  of  peat  aleo  had  high  organic 
carbon  and  moiature  contents.  The  aalinlty  of  the  aeawater  aamplea  varied  from 
concentrated  brines  near  the  shore  where  sea  ice  Is  frozen  directly  to,  or  is 
located  near,  the  sea  bottom  to  water  which  was  1.0  to  1.5  ppt  less  saline  than 
normal  seawater  at  a distance  of  approximately  10  to  15  km  from  shore. 

Potassium,  calcium,  sulfate,  and  alkalinity  concentrations  all  showed  signifi- 
cant variations  from  those  of  normal  seawater.  The  interstitial  water  samples 
from  sediments  taken  from  the  marine  boreholes  generally  contained  water  whose 
overall  composition  was  close  to  that  for  normal  seawater,  suggesting  that  sea- 
water had  either  infiltrated  Into,  or  had  been  deposited  with,  the  sediments. 
Potassium,  calcium,  alkalinity,  sulfate,  and  magnesium  concentrations  showed 
significant  variations  from  those  of  normal  seawater..  These  variations  are  ^ 
thought  to  be  a result  of  var|lous  chemical  and  biological  reactions  such  as  the 
oxidation  of  organic  matter,  lion  exchange,  wmatherlng  ipf  potassium-rich 
m nerals.  redi^tlon  of  sulfate,  and  the  dissolution,  pi^eclpltatlon^  and/or 
recrysiall Izat&on  of  calcium  gnd/or  calclum-mggneslum  cVrbonatea.  On  land,  the 
salinity  of  tl^'  Interstitial  Water  increased  with  depth  \as  the  composition  be- 
came progress  live  ly  more  like  that  of  normal  suawater.  Calculated  ft'eezlng 
points,  when  used  In  con,lunclloi\  with  temperature  data  olwalnable  ffom  the  I'.S. 
Geological  SutVey,  Indicate  that  Ice-bondod  pefniafrost  waiy  encounteijed  at 
depths  of  tO.S  and  62  m below  the  Ice  surface  St  dlstancesXof  1.0  and  3.2  km 
from  land,  respectively.  bonded  sediments  were  also  found  \ln  the  snjrflclal 
peats  on  land.  In  addition,  partially  frozen  Sediments  werS  found  in  sedi- 
ments located  near  the  sediment /water  Interface.  This  zone  yassed  laterally 
Into  more  bonded  sedlnn-nts  closer  to  shore. 
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Introduction 

Permafrost  is  defined  as  any  earth  material  that  is 
continuously  below  a temperature  of  zero  degrees  Celsius  for 
a period  of  two  or  more  years  (National  Academy  of  Sciences, 
1976).  This  definition  is  based  solely  on  temperature 
without  regard  to  the  amount  or  the  state  of  any  moisture 
present,  or  to  the  lithologic  character  of  the  material. 
Examples  of  permafrost  could  be  an  ice-bonded  sand,  a brine- 
saturated  silt,  or  a cold,  dry  granite. 

Although  permafrost  is  defined  on  the  basis  of 
temperature,  researchers  have  frequently  added  the  terms 
"ice-bonded"  or  "ice-rich"  to  more  fully  describe  the  state 
and  amount  of  the  moisture  present.  Bonded,  or  ice-bonded, 
permafrost  is  material  in  which  the  soil  particles  are  bound 
together  by  interstitial  ice.  Ice-rich  permafrost  denotes 
material  which  has  a considerable  volume  of  ice.  Sediments 
that  contain  ice  wedges  or  ice  lenses  would  be  examples  of 
the  latter  type.  In  recent  years,  it  has  also  become 
customary  to  distinguish  between  permafrost  that  exists  in 
the  marine  environment  and  that  which  occurs  on  land.  Terms 
such  as  "offshore  permafrost"  and  "subsea  permafrost"  have 
been  used. 

All  permafrost  can  be  classified  into  two  types, 
depending  on  its  equilibrium  with  its  present  physical- 
chemical  environment  (MacKay,  1972).  "Equilibrium 
permafrost,"  as  its  name  implies,  is  permafrost  that  is  in 
equilibrium  with  its  environment.  It  is  essentially  stable 
in  its  present  spatial  distribution.  "Disequilibrium 
permafrost"  is  not,  and  it  can  be  further  subdivided  on  the 
basis  of  whether  it  is  expanding  ("aggrading")  or 
contracting  ("degrading")  in  area  or  in  thickness.  A common 
term  for  degrading  disequilibrium  permafrost  is  the  term 
"relict  permafrost."  Relict  permafrost  results  when  the 
physical-chemical  processes  are  slow  in  changing  the 
distribution  of  permafrost  that  was  formed  under  a former, 
more  severe  climate  to  its  new  equilibrium  distribution 
(National  Academy  of  Sciences,  1976). 

Since  1968,  when  oil  was  discovered  at  Prudhoe  Bay, 
Alaska,  interest  in  the  exploration  and  development  of 
potential  petroleum  reserves  in  the  offshore  environment  has 
increased.  By  1972,  results  from  drilling  and  geophysical 
exploration  had  shown  that  the  prospects  of  finding  oil  were 
excellent.  In  response  to  this,  the  Department  of  Interior 
published  tentative  schedules  for  leasing  offshore  lands 
and,  in  1974,  the  Bureau  of  Land  Management  requested  that 
the  National  Oceanic  and  Atmospheric  Administration  (NOAA) 
initiate  an  environmental  assessment  program  for  the 
northeastern  Gulf  of  Alaska.  This  program  was  expanded  in 
1975  to  encompass  other  areas  of  the  Alaskan  continental 
shelf  including  the  Beaufort  Sea.  These  studies  were 
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initiated  to  establish  a basis  for  predicting  and  assessing 
the  environmental  impact  of  petroleum  development. 

The  objectives  of  the  Outer  Continental  Shelf 
Environmental  Assessment  Program  (OCSEAP) , as  it  is  called, 
are  the  following: 

1-  to  describe  the  distribution  and  abundance  of 
major  biological  components  of  the  marine 
ecosystem  for  predicting  qualitatively  the 
possible  impacts  of  major  accidents 

2-  to  establish  the'  baseline  levels  of  major 
contaminants  in  the  natural  environment 

3-  to  provide  improved  . circulation  models  for  the 
Alaskan  shelf  and  new  insights  into  the  dynamics 
of  ice  movement  and  other  pollutant  transport 
mechanisms 

4-  to  fill  in  some  of  the  major  gaps  in  the 
understanding  of  the  systematic  effects  of  target 
pollutants  on  selected  arctic  and  subarctic  biota 

and  5-  to  improve  capabilities  for  assessing  hazards 
that  the  Alaskan  marine  environment  presents  to 
petroleum  development. 

It  is  under  this  last  objective  that  research  on  subsea 
permafrost  is  being  conducted. 

Permafrost  poses  a number  of  hazards  to  the  exploration 
and  development  of  petroleum  reserves  in  the  offshore 
environment.  Among  these  are: 

1-  ruptured  pipelines  and  well  casings,  and  damage 
to  drilling  and  production  structures,  resulting 
from  the  differential  freezing  and  thawing  of 
water  in  the  sediment 

2-  blowouts  and  fires  caused  by  the  presence  of 
"gas  hydrates."  These  solid  compounds  of  gas 
(mainly  methane)  and<  ice  produce  a sudden 
evolution  of  gas  upoh  heating  known  as  a "gas 
kick."  This  kick  must  be  contained  during 
drilling  operations. 

3-  corrosion  and  weakening  of  metals  in  drilling 
and  production  structures,  and  in  pipelines,  well 
casings,  etc.,  due  to  the  concentrated  brines 
often  associated  with  permafrost 

and  4-  erroneous  interpretation  of  seismic  data  due  to 
the  increased  seismic  velocity  of  ice-bonded 
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sediments.  This  may  cause  offshore  production  and 
distribution  facilities  to  be  improperly  designed. 


To  help  cope  with  these  problems  and  to  form 
environmental  decisions  and  regulations,  present 
permafrost  are  aimed  at: 


a basis  for 
studies  on 


1-  developing  maps  portraying  the  occurrence  of 
offshore  permafrost  including  the  depth  to  the 
ice-bonded  permafrost  table  and  the  thickness  of 
the  ice-bonded  permafrost  layer 

2-  determining  the  properties  of  subsea  permafrost 
including  its  engineering  characteristics 

and  i-  developing  models  for  predicting  the  occurrence 
of  both  relict  and  eouilibrium  permafrost. 

This  latter  objective  involves  evaluating  the  relationship 
between  permafrost  and  various  factors  including 
temperature,  water  and  ice  content,  mass  transfer  processes 
such  as  subsurface  fluid  migration,  sedimentation  rates  and 
erosion,  past  climatological  and  geological  history, 
terrestrial  heat  flow,  depth  of  burial,  properties  of  the 
sediment,  and  salinity  and  chemical  composition  of  the 
interstitial  water. 

The  objectives  of  the  present  study  are  related  to  these 
latter  two  factors,  i.e.,  the  salinity  and  chemical 
compesition  of  the  interstitial  water.  They  are: 

1-  to  define  the  salinity  and  chemical  composition 
of  the  interstitial  water  in  an  area  where  other 
detailed  studies  are  being  conducted.  These 
studies  will  form  a basis  for  evaluating  any 
models  that  are  developed  to  predict  the 
occurrence  of  subsea  permafrost 

2-  to  gain  insight  into  the  processes  which  may 
have  affected  the  chemical  composition  and 
salinity  of  the  interstitial  water 

and  3-  to  comfirm  the  presence  of  ice-bonded 
permafrost  in  boreholes  drilled  in  Trudhoe  Pay. 

Site  Characteristics 
Geography 

Prudhoe  Bay  is  located  on  the  northern  edge  of  a tundra 
known  as  the  Arctic  Coastal  Plain  (Fig.  1).  The  coastal 
plain  is  the  northwestern  extension  of  the  Interior  Plains 
and  extends  along  the  entire  coast  of  the  Alaskan  Beaufort 
Sea.  It  varies  in  width  from  less  than  20  km  at  Demarcation 


Point  to  more  thun  200  km  near  Point  Barrow  (Fig,  1).  From 
the  coast,  the  plain  rises  gradually  to  a maximal  elevation 
of  approximately  200  m in  the  south  where  it  borders  on  the 
Arctic  Foothills.  Locally,  this  boundary  is  marked  by  a 
scarp  IS  to  60  m high  (Wahrhaftig,  1965). 

The  coastal  plain  lies  entirely  within  the  zone  of 
continuous  permafrost.  The  permafrost  is  usually  200  to  300 
m thick  but  may  vary  in  thickness  from  several  tens  of 
meters  to  more  than  600  m,  the  latter  occurring  near  Prudhoe 
Bay  (P^w^,  1975).  The  surface  of  the  coastal  plain  is 
covered  by  a nearly  continuous  network  of  ice-wedge  polygons 
(Wahrhaftig,  1965)  that  range  in  width  from  several  tens  of 
meters  to,  occasionally,  more  than  100  m.  These  polygons 
are  outlined  by  troughs  that  are  underlain  by  ice  wedges. 
The  ice  wedges  vary  in  ‘width  from  a few  centimeters  to 
several  meters  or  mere,  ard  in  depth  from  less  than  a meter 
to  more  than  10  m. 

Thaw  lakes  are  another  common  feature  of  the  coastal 
plain.  These  lakes  form  in  areas  where  local  thawing  of  the 
ice-rich  permafrost  has  caused  a subsidence  in  the  surficial 
topography.  The  lakes  vary  in  size  from  ponds  a few  meters 
across  to  lakes  more  than  40  km  in  length  and  are  from  1 to 
6 m deep.  They  tend  to  be  oval  or  rectangular  in  shape  and 
are  generally  oriented  15°  west  of  north  (Wahrhaftig,  1965), 

In  addition  to  the  ice-wedge  polygons  and  the  thaw  lakes, 
other  features  associated  with  the  presence  of  permafrost, 
such  as  pingoes,  mounds,  and  drained  lake  basins,  are  found 
or  the  coastal  plain  (P^w^,  1975). 


The  coast  of  the  Arctic  Coastal  Plain  consists  of  a 
complex  of  river  estuaries,  deltas,  bays,  barrier  island 
chains,  coastal  lagoons,  and  offshore  spits  (Lewellen,  1974 
and  Namtvedt  et  al . , 1974).  Relief  is  low  to  moderate. 


averaging  only  2.8  u.,  but  locally  may  be  15  m or  more. 

Beaches  are  narrow,  rarely  being  wider  than  a few  tens  of 


meters,  and  terminate  at  the  bases  of  low  tundra  bluffs 
consisting  of  peat,  frozen  silts,  and  ice-wedges  (Weller  et 
al.,  1977).  Deltas,  consisting  of  mostly  sand  and  silt, 
extend  seaward  from  the  mouths  of  major  rivers.  In  the 
western  part  of  the  plain,  some  of  these  deltaic  sediments 
have  been  blown  into  scattered,  longitudinal  dunes  3 to  6 m 
high  (Wahrhaftig,  1965). 


Seaward  of  the  beaches  and  deltas,  spits  or  bars  are 
encountered  along  approximately  40  % of  the  coast  (Short  et 
al.,  1974).  These  range  from  less  than  2 to  nearly  10  km  in 
length  and  are  found  up  to  600  m offshore.  Some  are 
migrating  westward  parallel  to  the  longshore  currents. 
Rates  of  migration  average  14  m/yr  but  may  be  as  high  as  70 
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Farther  offshore,  barrier  island  chains  are  found  along 
approximately  52  % of  the  coast  from  Pt.  Barrow  to 
Demarcation  Pt.  (Short  et  al.,  1974).  The  islands  which 
form  the  chains  are  migrating  westward  at  rates  varying  from 
6 to  46  m/yr  (Namtvedt  et  al.,  1974  and  Short  et  al.,  1974). 
Some  are  also  moving  landward  at  rates  averaging  3 m/yr 
(Namtvedt  et  al.,  1974).  Most  of  the  islands  are 
constructional,  being  created  by  ice-push,  longshore 
currents,  and  wave  action.  A few,  however,  are  erosional 
remnants  of  the  mainland  (Lewellen,  1972  and  1973;  Sellmann 
et  al . , 1972;  Weller,  1976;  and  Weller  et  al.,  1977). 

Along  most  of  the  coast  of  the  Arctic  Coastal  Plain,  the 
shoreline  is  retreating  at  rates  averaging  1 to  4 m/yr  (Hume 
et  al . , 1972  and  Lewellen,  1970).  This  retreat  is  a result 
of  the  high  ice  content  in  the  sediments  that  occur  along 
the  coastline.  In  summer,  when  the  coast  of  the  Beaufort 
Sea  is  relatively  ice-free  and  temperatures  are  relativetv 
high,  wave  action  and  warm  temperatures  melt  the  ice  in  the 
coastal  sediments,  producing  thermal  erosion.  This  erosion 
often  undercuts  the  cliffs,  causing  large  slump  blocks  to 
apcumulate  along  the  shore  (Lewellen,  1970).  Every  few 
years,  major  storms,  or  storm  surges,  remove  this  thawed 
material  and  expose  fresh  ice-rich  frozen  ground  to  thermal 
erosion.  The  rate  of  retreat  varies,  depending  on  the 
duration  of  the  ice  cover  (or  open  water),  water  depth,  spit 
protection,  barrier  island  proximity,  longshore  currents, 
ice  content  of  the  ground  (which  is  often  50  to  75  %),  and 
grain  size  of  the  formation  being  eroded  (Lewellen,  1970  and 
Namtvedt  et  al.,  1974). 

When  the  retreating  shoreline  breaks  into  a large  thaw 
lake,  such  as  Teshekpuk  Lake  (Fig.  1),  an  embayment  is 


quickly  formed, 
coastal  plain  as 
Bay,  and  Smith 
lakes  that  have 
embayments . 


often  leaving  remnants  of  the  original 
isolated  islands.  Prudhoe  Bay,  Harrison 
Bay  are  probably  examples  of  former  thaw 
subsequently  been  transformed  into  marine 


The  continental  shelf  lies  seaward  of  the  Arctic  Coastal 
Plain.  It  is  relatively  narrow,  being  only  about  50  km  wide 
in  the  east  and  100  km  wide  in  the  west.  Beyond  the  shelf's 
edge,  which  is  usually  at  a depth  of  50  to  70  m,  the  sea 
bottom  descends  rapidly  into  the  Canadian  Arctic  Basin,  at  a 
depth  in  excess  of  3,000  m. 

Cl imate 

The  Arctic  Coastal  Plain  is  located  in  an  Arctic  climate 
zone.  Temperatures  range  from  a maximum  of  26°C  to  a 
minimum  of  -55°C,  but  average  on  an  annual  basis  between  -8 
and  -14°C  (Brown  et  al.,  1975;  Namtvedt  et  al.,  1974;  and 
Piwd , 1975).  July  and  August  are  the  two  warmest  months, 
having  mean  monthly  temperatures  of  4.3°C  and  3.0°C, 
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respectively  (Namtvedt  et  al.,  1974).  Freezing  temperatures 
and/or  snow  can  occur  at  any  time.  In  winter,  temperatures 
average  -26  to  -36°C  (Namtvedt  et  al.,  1974)  and  strong 
thermal  inversions,  often  1200  to  1500  m deep,  exist  over 
the  snow  and  ice  cover. 

Precipitation  along  the  Arctic  coast  is  low,  averaging 
only  10  to  20  cm/yr  (Namtvedt  et  al.,  1974;  P^w^,  1975;  and 
Wahrhaftig,  1965).  Most  of  the  precipitation  (roughly  80  %) 
falls  during  the  period  from  June  to  November,  with  July  and 
August  having  the  highest  mean  monthly  precipitation.  These 
are  also  the  months  with  the  highest  mean  monthly 
temperatures  and  the  largest  open  water  areas.  Only  about 
20  % of  the  precipitation  falls  from  December  to  May  which 
can  be  attributed  to  the  lack  of  open  water  areas  and  to  the 
inability  of  cold  ait  to  hold  much  moisture  (low  absolute 
humidity) . 

Beginning  in  mid-September,  snow  begins  to  predominate 
the  precipitation,  establishing  a snow  cover  over  most  of 
the  coastal  plain.  This  snow  gradually  deepens  during  the 
winter  and  by  March  or  April  is  from  30  to  70  cm  thick 
(Namtvedt  et  al . , 1974).  However,  persistent  winds  may 
cause  high  areas  to  be  essentially  free  of  snow,  whereas 
low-lying  areas  may  have  more  than  2 m of  snow  (Sellmann  et 
al.,  1972).  In  late  spring,  the  snow  cover  begins  to  melt 
and  usually  disappears  by  late  June  or  July  (Namtvedt  et 
al.,  1974). 

Winds  along  the  coast  of  the  Beaufort  Sea  are  dominated 
by  the  Polar  High  (Sellmann  et  al.,  1972).  They  have  a 
dominant  east-northeast  component  resulting  from  the 
deflection  of  cold  polar  air  masses  by  Coriolis  forces.  In 
the  summer,  cyclonic  low  pressure  cells  also  cause 
southwesterly  winds  to  frequently  occur.  Because  of  the  low 
relief  on  the  coastal  plain  and  the  low-lying  tundra 
vegetation,  winds  near  the  surface  are  generally  strong  and 
constant,  blowing  at  an  average  speed  of  12  km/hr  (Weller, 
1976).  Calm  conditions  are  rare,  occurring  only  1.3  % of 
the  time  near  Pt.  Barrow  (Namtvedt  et  al.,  1974). 

In  summer,  when  ice-free  conditions  exist  along  the 
coast,  strong  winds  and  storms  associated  with  low  pressure 
systems  can  cause  large  fluctuations  in  sea  level  known  as 
storm  surges.  These  surges  can  cause  sea  level  to  rise  more 
than  1.5  m for  periods  of  several  days.  One  of  the  largest 
storm  surges  occurred  in  October  of  1963  when  sea  level  rose 
3.6  m and  inundated  large  areas  of  land  near  Pt.  Barrow 
(Hume  and  Schalk,  1967).  Another  large  storm  surge  occurred 
in  September  of  1970  in  the  southern  Beaufort  Sea  (Reimnitz 
et  al . , 1972).  These  meteorological  fluctuations  in  sea 
level  are  often  larger  than  the  normal  lunar  tides  of  15  to 
30  cm  (Namtvedt  et  al . , 1974  and  Sellmann  et  al.,  1972),  and 
are  a major  factor  in  causing  coastal  erosion  and  retreat. 
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They  remove  old  slumped  materials  from  the  base  of  the 
coastal  tundra  bluffs  and  expose  fresh  ice-rich  sediments  to 
thermal  erosion. 

Geology 

Most  of  the  Arctic  Coastal  Plain  consists  of  a thin 
veneer  of  unconsolidated  sediments  known  as  the  Gubik 
Formation  (Black,  1964).  The  Gubik  Formation  is  from  0 to 
60  m thick  and  is  divided  into  three  units.  The  Barrow  unit 
consists  of  a poorly  sorted  to  well-sorted  mixture  of  clay, 
silt,  sand,  and  gravel  that  contains  abundant  amounts  of  ice 
and  peat.  It  is  mostly  marine,  but  locally  may  be  fluvial 
or  lacustrine  in  origin.,  Underlying,  and  in  part 
contemporaneous  with,  the  Barrow  unit  is  the  Meade  River 
unit.  It  consists  of  a clean,  well-sorted,  marine  silty 
sand'  that  was  probably  deposited  during  the  Mid-Wisconsin 
inter stadial . The  lowermost  unit  of  the  Gubik  Formation  is 
the  Skull  Cliff  unit.  It  consists  of  a poorly  sorted,  blue- 
black  to  dark  gray  deposit  of  clay,  silt,  sand,  and  cobbles 
and  was  probably  deposited  during  either  the  Sangamon 
interglacial  or  the  Illinoisan  glaciation. 

In  the  eastern  part  of  the  Arctic  Coastal  Plain,  the 
Gubik  Formation  is  underlain  by  an  early  Tertiary  deposit  of 
terrestrial  red  beds  known  as  the  Sagavanirktok  Formation 
(Payne  et  al.,  1951).  These  sediments  consist  of  poorly 
consolidated  conglomerates,  sandstones,  and  siltstones  and 
obtain  a maximal  thickness  of  1,50U  m near  Prudhoe  Bay. 
They  were  deposited  during  the  early  Tertiary  as  a result  of 
orogenic  activity  (Laramide  Orogeny)  in  the  Brooks  Range. 

Under  both  the  Gubik  and  Sagavanirktok  Formations  are 
thick  deposits  of  Mesozoic  shales  and  sandy  shales  with 
interbeds  of  graywacke  sandstones  and  volcanic  tuffs.  These 
deposits  outcrop  in  the  Arctic  Foothills  and  in  the  Brooks 
Range  along  with  Paleozoic  limestones,  shales,  and 
sandstones . 

Late  Quaternary  Geological 
and  Climatological  History 

Around  100,000  years  B.P.  (before  present),  a major 
climatic  warming  occurred  which  brought  about  the  end  of  the 
Illinoisan  glaciation.  This  warm  period,  known  as  the 
Sangamon  interglacial,  lasted  until  approximately  70,000 
years  B.P.  when  the  Wisconsin  glaciation  began.  During  the 
warm  interval,  glaciers  retreated,  forests  expanded  into 
areas  that  were  previously  unforested,  and  permafrost  thawed 
in  many  of  the  southern  areas  of  Alaska.  In  northern 
Alaska,  however,  the  moderating  influence  of  a maritime 
environment  probably  prevented  substantial  thawing  from 
occurring  (Gold  and  Lachenbruch,  1973).  Sea  level  rose  to  a 
maximal  level  of  10  m above  the  present-day  mean  sea  level. 
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inundating  large  areas  of  land.  During  this  "Pelukiar. 
transgression"  (Hopkins,  1967),  marine  sediments  were  ( 

deposited  in  many  of  the  low-lying  areas  of  the  Arctic  ' 

Coastal  Plain.  These  sediments  contain  the  remains  of 
marine  organisms  now  found  only  in  more  southern  latitudes, 
suggesting  that  the  seeis  were  warmer  during  the  Sangamon 
interglacial  than  they  are  today. 

After  the  Sangamon  interglacial,  the  climate  became  cool 
once  again  and  the  Wisconsin  period  of  glaciation  began.  i 

Two  major  glacial  advances  took  place.  The  first  of  these  i| 

lasted  from  about  70,000  to  approximately  35,000  years  B.P.  ] 

and  is  known  as  the  Sagavanirktok  glaciation  (Hamilton  and 
Porter,  1975).  The  second,  known  as  the  Itkillik  I 

glaciation,  lasted  from  roughly  25,000  to  14,000  years  B.P.  i 

During  both  of  these  periods,  glaciation  was  limited  to  a 
series  of  valley  and  piedmont  glaciers  that  occupied 
portions  of  the  Brooks  Range  and  the  northern  Arctic 

Foothills.  Even  though  some  of  these  glaciers  extended  up 
to  50  km  beyond  the  front  of  the  Brooks  Range,  the  Arctic 
Coastal  Plain  remained  unglaciated  throughout  the  Wisconsin.  I 

Between  the  Sagavanirktok  and  the  Itkillik  I periods  of 
glacial  activity,  a relatively  warm  period,  or  interstadial , 
occurred.  During  this  time,  sea  level  rose  to  a level  that 
was  20  to  25  m below  present-day  mean  sea  level  (Weller  et 
al . , 1977;  Fig.  2).  Hopkins  (1967)  has  referred  to  this 
rise  in  sea  level  as  the  "Woronzofian  transgression,"  ,! 

although  the  name  should  probably  be  dropped  because  the  • 

type  locality  that  he  used  to  describe  this  transgression  I 

has  since  been  shown  to  be  much  younger  than  Mid-Wisconsin 

in  age  (P6wd , 1975 ) . 


During  Mid-Wisconsin  time,  the  Flaxman  Formation  was 
deposited  (Lef f ingwell , 1908  and  1919  and  MacCarthy,  1958). 
This  formation  consists  mostly  of  striated,  faceted  boulders 
that  are  found  up  to  14  km  inland  and  at  elevations  not 
exceeding  7.5  m.  The  boulders  are  composed  of  quartzite, 
greenstone,  granite,  limestone,  diabase,  quartz  diabase,  and 
basalt,  rock  types  which  are  not  found  among  the  glacial 
tills  bordering  the  Brooks  Range.  Leffingwell  (1919) 
concluded  that  the  boulders  were  morainic  material  that  had 
been  ice-rafted  to  the  Arctic  Coastal  Plain  from  one  or  more 
source  areas  located  somewhere  to  the  east. 


Because  the  boulders  are  found  up  t'".  7.5  m above  present- 
day  mean  sea  level,  it  is  inferred  that  a broad,  regional 
uplift  has  occurred  since  the  Mid-Wisconsin  interstadial 
(McCulloch,  1967).  The  shallowness  of  the  continental  shelf 
(less  than  70  m)  and  the  presence  of  Pleistocene  beach  lines 
inland  support  this  hypothesis. 


At  the 
Itkillik  1 


end  of  the  Mid-Wisconsin  interstadial,  the 
period  of  glaciation  occurred  during  which  time 
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soa  level  tell  to  approx  imat  ely  lOl)  ni  below  prer.ent-day  iiean 
eea  level  (Fit).  2).  Thir.  olaoiatii^n  eulminatetl  about  lb, 000 
years  U.P.,  and  was  tol  lowed  by  ijlaoial  retreat,  rapidly 
ii.sini)  seas,  and  one  nia)oi  alav'ial  advance,  t lie  Itkillik  II, 
at  about  1 1,000  to  1 2,500  yt'ars  O.F.  (Hamilton  and  Potter, 
H75)  . 

THOUSANDS  OF  YEARS  B.P. 


3 to  ao  » 


Fivture  2.  Koconst  r uc  t ion  of  sea-level  history  tor  t lu' 
continental  shelf  of  western  and  northern  Alaska. 
Vv  iv.it  h of  boxes  indicates  uncertainty  of  .uje  anil  lieivjht 
indicates  uncertainty  ot  position  ot  sea  level.  bown- 
pointinu  arrows  mark  maximum  possible  jHisition  ot  se.» 
level  whereas  up-point  int)  arrows  mark  minimum  possibli* 
position  ot  sea  level.  After  Hopkins  in  Beaufort  f'ea 
Synthesis  He port,  Weller  et  al.,  editors,  1977. 


Beijinninq  around  U),U0l)  or  ll,Ul)l)  years  B.P.,  a wotldwivle 
climatic  warminq  occurred  which  brouqht  about  the  end  ot  t lie 
Pleistocene.  Glaciers  experienced  rapid  retreat  exce(it  tor 
4 brief  cold  {leriods  dur  inq  which  they  advanced.  Thesi' 
minor  advances  (alonq  with  their  approximate  dates)  wr'i  e the 
Itkillik  111  qlaciation  (S,300  to  b,J00  years  B.P.),  the 
Alapah  Mountain  qlaciation  (3,5i)l)  tv^  2,700  years  P.P.),  the 
Fan  Mviuntain  Staqe  1 qlaciation  (l,b00  to  1,200  years  B.P.), 
and  the  Fan  Mountain  Staqe  II  qlaciation  (900  to  200  years 
B.P.)  (Hamilton  and  Porter,  1975).  Pur  inq  e.uly  to  iiiid- 
liolocene  time,  sea  level  continued  to  rise  (the  "Krusternian 
t r anq ress ion"  of  Hopkins,  19^7)  until  about  4,000  to  5,000 
years  B.P.,  when  it  reached  a level  near  today's  mean  s<'a 
level  (Fiq.  2).  Since  that  time,  sea  level  has  oscillated 
within  1 to  2 m of  present-day  mean  sea  level,  in  t esponsr' 
to  the  briet  periods  of  qlaciation  and  the  inter venimi  warm 
per iods . 
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The  Arctic  Coastal  Plain  is  crossed  by  a number  of  rivers 
which  sluggishly  make  their  way  from  the  Brooks  Range  in  the 
south  northward  to  the  Beaufort  Sea.  The  largest  of  these 
rivers  is  the  Colville  River  with  a length  of  640  km  and  a 
drainage  area  of  61,440  km^  (Namtvedt  et  al.,  1974).  To  the 
west  of  the  Colville  River,  rivers  generally  meander  in 
incised  valleys  15  to  90  m deep  (Wahrhaftig,  1965),  whereas 
those  to  the  east  tend  to  run  more  in  braided  streams.  Most 
ot  the  rivers  have  very  low  gradients,  and  are  probably  not 
transporting  sediment  any  coarser  than  sand-sized  grains  at 
the  present  time. 

Two  of  the  larger  rivers  arc  found  in  the  vicinity  of 
Prudhoe  Bay.  The  closest  of  these  is  the  Sagavan i r k tok 
River,  which  lies  1 to  2 km  to  the  cast  (Fig.  3).  It  is  the 
second  largest  river  on  the  coastal  plain  with  a length  of 
2bb  km  and  a drainage  area  of  14,198  km^  (Namtvedt  et  al., 
1974).  The  other  river,  the  Kuparuk  River,  is  14  km  to  the 
west  of  Prudhoe  Bay.  It  empties  directly  into  Gwyder  Bay 
and  probably  does  not  influence  Prudhoe  Bay. 

During  winter,  most  of  the  rivers  along  the  Beaufort  Sea 
are  frozen  to,  the  bottom  and,  consequently,  do  not  discharge 
water  into  tne  sea  (Walker,  1974).  In  spring,  however, 
rising  air  temperatures  and  longer  days  begin  to  melt  the 
seasonal  snow  cover,  initiating  the  process  of  river 
breakup.  Peak  flows  usually  occur  sometime  in  late  May  and 
last  only  about  two  weeks  (Walker,  1974). 


Neat  the  coast,  discharging  river  water  initially  flown 
over  the  nearshore,  bottom-fast  sea  ice,  inundating  it  to  a 
depth  of  up  to  1.5  m and  seaward  for  distances  of  up  to  10 
km  or  more  (Reimnitz  and  Bruder,  1972  and  Walker,  1974).  As 
the  fresfi  water  reaches  holes  and  cracks  in  the  ice,  it 
drains  through  them,  creating  depressions  in  the  sediments 
beneath  the  ice.  These  depressions  may  be  more  than  4 m 
deep  and  tens  of  meters  across  (Reimnitz  et  al.,  1974). 
Above  them  are  the  drainage  holes.  These  holes  may  be  up  to 
30  m wide  and  usually  have  feeder  channels  radiating  from 
them.  After  several  days,  an  area  of  open  water  begins  to 
develop  around  the  distributary  mouths  and  the  river  water 
flows  directly  into  the  se^a . 

Oceanography 

Off  the  coast  of  the  Arctic  Coastal  Plain  lies  a 
subdivision  of  the  Arctic  Ocean  known  as  the  Beaufort  Sea. 
This  sea  extends  approximately  from  Pt . Barrow  in  the  west 
to  Banks  Island  in  the  ecst.  Water  in  the  Beaufort  Sea  can 
be  subdivided  into  four  W/ater  masses,  each  with  its  own 
characteristic  temperature,  salinity,  currents,  and  depth 
(O'Rourke,  1974).  The  deepest  water  is  known  as  "Arctic 
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Flguro  3.  Map  of  Prudhoe  Ray,  Alaska,  showing  locations  of 
saniplo  collection  sites.  PBl-3  are  from  Iskandar  et  al.  (In 
press);  -226,  191,  481,  964,  and  3370  are  from  Osterkamp  and 
Harrison  (1976);  and  PB5-9,  PH25,  and  PH27  are  holes  drilled 
and  sampled  during  the  spring  of  1977.  Depth  contours  are  In 
meters  below  mean  sea  level. 
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bottom  water"  and  is  found  at  depths  in  excess  of  900  m.  It 
has  a year-round  temperature  ranging  from  0.0  to  -0.4°C  and 
a salinity  of  34.9  to  35.0  parts  per  thousand  (ppt) . Near 
the  continental  slope,  the  water  generally  flows  to  the  west 
at  velocities  of  less  than  3 cm/sec  (0.11  km/hr). 

Above  the  Arctic  bottom  water  is  a water  mass  believed  to 
originate  in  the  Atlantic  Ocean.  This  "Atlantic  water" 
(O'Rourke,  1974)  flows  in  through  the  gap  between 
Spitzbergen  and  Greenland  and  is  found  at  a depth  of  250  to 
900  m.  Year-round  temperatures  range  from  0.0  to  0.5°C  and 
salinity  is  generally  34.5  to  35.0  ppt.  Currents  in  the 
Atlantic  water  are  similar  to  the  Arctic  bottom  water,  being 
westerly  at  less  than  3 cm/sec  (0.11  km/hr). 

Above  both  the  Atlantic  water  and  the  Arctic  bottom  water 
is  a water  mass  with  characteristics  that  are  much  more 
complex  than  the  two  previously  described.  This  "Arctic 
Ocean  water"  (O'Rourke,  1974)  is  subdivided  into  a "surface 
layer"  and  a "subsurface  layer."  The  surface  layer  is 
generally  found  in  the  upper  15  to  50  m of  the  water  column 
and  is  characterized  by  seasonal  variations  in  temperature 
and  salinity.  The  largest  variations  occur  during  the 
summer  and  are  due  to  local  differences  in  river  runoff, 
solar  radiation,  ice  melt,  and  wind-induced  mixing. 
Temperature  and  salinity  may  vary  from  -1.6  to  1 5°C  and  from 
1.5  to  32.6  ppt,  respectively.  Usually,  the  higher 
temperatures  and  lower  salinities  are  due  to  local  river 
runoff  and  occur  only  in  the  nearshore  areas,  at  depths  of 
less  than  5 m.  Currents  in  the  surface  layer  are  also  more 
variable  during  the  summer  (or  ice-free)  months  than  at 
other  times  of  the  year.  In  nearshore  areas,  currents  are 
largely  wind-induced  and  water  may  bo  flowing  in  any 
direction  at  velocities  ranging  from  0 to  60  cm/sec  (0.0  to 
2.2  km/hr)  (Hufford,  1974).  Seaward  of  the  continental 
shelf,  the  surface  layer  is  influenced  by  the  Pacific,  or 
Beaufort,  Gyral.  Water  generally  flows  in  a westerly 
direction  at  velocities  of  up  to  60  cm/sec  (2.2  km/hr). 

During  winter,  both  temperature  and  salinity  in  the 
surface  layer  are  more  uniform  due  to  the  presence  of  an  ice 
cover  and  the  lack  of  runoff  from  rivers.  Temperatures  are 
usually  -1  to  -2°C  whereas  salinities  may  vary  from  30  to  34 
ppt.  In  the  nearshore  areas,  however,  temperatures  as  low 
as  -1 2“C  and  salinities  as  high  as  182.8  ppt  have  been 
encountered  (Schell,  1973).  These  low  temperatures  and  high 
salinities  are  found  in  brines  which  evolve  during  winter  as 
a result  of  the  formation  of  sea  ice. 

The  subsurface  layer  is  located  between  the  surface  layer 
and  the  Atlantic  water  and  originates  through  the  mixing  of 
surface  runoff  with  Atlantic  water  off  the  Siberian  shelf 
(O'Rourke,  1974).  Year-round  temperatures  vary  from  -1.2  to 
-l.tt°C  whereas  salinities  range  from  about  32.0  to  34.5  ppt. 
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Currents  generally  follow  the  Pacific  Gyral,  moving  westward 
as  speeds  ranging  up  to  60  cm/sec  (2.2  km/hr). 

Finally^  there  is  a water  mass  located  near  the  edge  of 
the  continental  shelf  which  originates  through  the  advection 
of  water  from  the  Bering  and/or  Chukchi  Seas.  This  water 
mass  consists  of  three  layers:  a surface  layer  (0  to  50  m in 
depth)  of  relatively  warm  (0.0  to  7.3°C),  fresh  (28.5  to 
32.5  ppt)  water;  a middle  layer  (50  to  100  m in  depth)  of 
cooler  (-1.2  to  0.1®C),  more  saline  (33.0  to  34.5  ppt) 
water;  and  a bottom  layer  (100  to  200  m in  depth)  of  cold  (- 
1.4  to  -1.6°C),  saline  (34.9  to  35.0  ppt)  water  (Hufford, 
1973  and  1974;  Mountain,  1974;  and  O'Rourke,  1974).  The 
latter  is  also  characterized  by  a nutrient  maximum.  All  of 
these  layers  flow  eastward,  at  rates  varying  between  5 and 
100  cm/sec  (0.2  to  3.6  km/hr)  (Kovacs  and  Mellor,  1974  and 
Mountain,  1974),  and  have  been  traced  as  far  as  Barter 
Island  near  the  Canadian  border 

Sea  Ice 

For  nine  months  of  the  year,  the  Beaufort  Sea  is  covered 
by  sea  ice.  This  ice  exerts  a profound  influence  on  the 
structure  of  the  sediments,  the  rate  of  coastal  retreat,  and 
the  salinity  and  temperature  of  the  water.  Sea  ice  usually 
forms  in  early  October  and  increases  in  thickness  throughout 
the  winter.  Maximal  thicknesses  of  1.8  to  2.1  m occur  in 
March  or  April  (Kovacs  and  Mellor,  1974). 

Beginning  in  late  spring,  the  ice  begins  to  diminish  in 
both  area  and  thickness.  Breakup  is  initiated  when  rivers 
along  the  coast  flood  the  estuarine  sea  ice.  Drainage  holes 
develop  and  areas  of  open  water  are  created  in  front  of  the 
distributary  mouths  (Reimnitz  and  Bruder , 1972).  Two  weeks 
later,  puddles  begin  to  appear  on  the  surface  of  the  ice. 
These  gradually  coalesce  and  are  responsible  for 
reactivating  old  fractures.  In  late  June,  openings  in  the 
ice  appear,  and  usually  by  late  July,  most  of  the  coast  is 
ice-free  (Namtvedt  et  al.,  1974;  Sellmann  et  al . , 1972; 
Short  and  Wiseman,  1975;  and  Weller  et  al.,  1977). 

During  the  winter,  ice  nearest  the  shore  is  relatively 
stable  and  is  known  as  "fast  ice."  Past  ice  may  be  frozen 
directly  to  the  bottom  ("bottom-fast  ice")  , or  floating 
("floating  fast  ice"),  depending  on  the  depth  of  the  water 
column  and  the  thickness  of  the  ice  (Kovacs  and  Mellor,  1974 
and  Namtvedt  et  al . , 1974).  Movement  in  this  ice  is  small, 
usually  from  a few  meters  to  as  much  as  tens  of  meters  in 
areas  of  floating  fast  ice,  and  generally  occurs  early  in 
its  formation. 

Seaward  of  the  fast  ice  is  a narrow  zone  of  pressure 
ridges.  These  ridges  are  usually  from  2 to  10  m high  and 
are  formed  when  moving  pack  ice  shears  against  the 
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stationary  fast  ice.  The  location  of  the  shear  zone  varies 
and  is  dependent  on  the  depth  of  the  water  column,  the  time 
of  the  year,  and  the  protection  afforded  by  barrier  islands 
and  offshore  bars  (Kovacs  and  Mellor,  1974). 

Beneath  each  of  the  pressure  ridges  is  a keel,  5 to  18  m 
in  depth.  These  keels  often  become  grounded  and  create 
gouge  furrows  in  the  sediment  which  may  be  more  than  1 m in 
depth  (Barnes  and  Reimnitz,  1974  and  Kovacs  and  Mellor, 
1974).  Similar  furrows  are  created  inshore  of  the  shear 
zone  by  small  ice  blocks  as  well  as  seaward  of  the  pressure 
ridges  by  larger  ice  masses.  This  scoring  action  by  keels 
and  other  ice  masses  disturbs  or  obliterates  the  sedimentary 
structures  and  it  has  been  estimated  that,  in  the  vicinity 
of  the  shear  zone,  bottom  sediments  are  completely  reworked 
to  a depth  of  30  cm  once  every  50  years  (Weller  et  al . , 
1977)  . 

Beyond  the  shear  zone  is  the  seasonal  pack  ice.  This  ice 
extends  outward  100  to  200  km  to  the  edge  of  the  polar  pack 
ice.  The  seasonal  pack  ice  contains  relatively  mobile 
first-year  ice  which  drifts  westward  in  response  to 
geostrophic  winds  and  currents.  Rates  of  movement  average 
20  km  per  month  in  winter  and  80  to  100  km  per  month  in 
summer  (Weller  et  al.,  1977).  The  position  of  the  pack  ice 
relative  to  the  land  is  quite  variable  and  is  largely 
dependent  on  the  winds.  In  winter,  strong  winds  may  produce 
leads  in  the  ice  which  may  be  more  than  30  km  wide.  In 
summer,  they  may  cause  the  pack  ice  to  be  either  close  to 
shore  or  more  than  100  km  away  (Kovacs  and  Mellor,  1974  and 
Namtvedt  et  al . , 1974). 

Rare  features  in  the  seasonal  pack  ice  are  ice  islands. 
These  large  pieces  of  shelf  ice  make  their  way  from 
Ellesmere  Island  into  the  Pacific  Gyral  and  down  along  the 
coast  of  the  Beaufort  Sea.  Typically,  they  are  10  to  30  m 
thick  and  30  to  100  m across  (Kovacs  and  Mellor,  1974  and 
Namtvedt  et  al.,  1974).  Some  may  be  as  small  as  10  m in 
width,  whereas  others  may  be  as  large  as  0.8  by  2.4  km.  Ice 
islands  are  most  frequently  encountered  seaward  of  the  20-m 
isobath.  Where  they  become  grounded,  they  can  score  the 
bottom  in  the  same  manner  as  pressure-ridge  keels  do.  Ice 
gouge  marks  are  typically  0.5  to  2 m deep,  and  can  be  up  to 
30  m wide  and  3 to  5 km  long. 

Sample  Collection  and  Analytical  Methodology 
Sample  Collection 

During  the  spring  (March  22  to  May  5)  of  1977,  a joint 
drilling  program  was  undertaken  by  personnel  from  the  'J.S. 
Army  Cold  Regions  Research  and  Engineering  Laboratory 
(CKREL) , Hanover,  N.H.;  the  U.S.  Geological  Survey,  Menlo 
Park,  California;  and  by  Dr.  Robert  I.  Lewellen,  an  arctic 
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consultant.  Samples  were  collected  at  five  dcill  hole  and 
two  probe  hole  sites  located  within  Prudhoe  Bay  (Sellmann  et 
al.,  1977)  (Pig.  3).  The  sites  were  located  using  standard 
surveying  techniques. 

Drilling  was  accomplished  using  heavy  duty  (4.5-in,  11.4- 
cm  OD) , f lush- jointed  casing  that  was  driven  by  a McKiernan- 
Terry  Model  #5  air  pile  hammer.  Air  was  supplied  by  a Davey 
air  compressor  capable  of  delivering  7 m^  of  air  per  minute 
at  a pressure  of  7 kg/cm^.  Samples  were  collected  at 
various  intervals,  using  either  a Washington  sampler 
(Diamond  Drill  Contracting  Company)  or  a Lynac  drive 
j sampler.  The  Washington  sampler  worked  well  in  fine-grained 

I material,  providing  relatively  undisturbed  cores  5 cm  in 

i d'.ameter  and  up  to  60  cm  in  length.  The  Lynac  sampler  was 

i used  for  more  coarse-grained  material.  It  was  outfitted 

with  a four-spring  core  catcher  and  a rubber  sleeve  to 
prevent  loss  of  material  during  retrieval.  Both  samplers 
had  ball  check  valves  in  the.  upper  end  of  the  barrels  which 
helped  to  prevent  contamination  from  the  seawater  in  the 
hole.  Once  a sample  was  recovered,  it  was  photographed, 
logged,  and  then  subsampled  for  use  in  engineering  property 
determinations,  chemical  analysis,  and  geological  studies 
i|  including  paleontological  and  carbon-14  analyses.  The 

j chemistry  samples  were  packed  in  insulated  boxes  and  were 

I shipped  as  soon  as  possible  to  the  CRREL  field  office  in 

Fairbanks,  Alaska. 

Following  the  completion  of  each  drill  hole,  a 5-cm 
plastic  (PVC)  casing  was  installed  and  filled  with  a non- 
freezing  liquid.  Temperature  measurements  were  made  over  a 
period  of  several  weeks  using  a thermistor  probe. 
Preliminary  logs  were  prepared  based  on  the  cores  and  wash 
samples  from  each  hole. 

Sample  Preparation  and  Laboratory  Analyses 

As  samples  were  received  from  the  field,  they  were  placed 
in  a refrigerator  until  such  time  as  moisture  content,  pH, 
alkalinity,  and  conductivity  analyses  could  be  conducted, 
j Interstitial  water  was  extracted  from  the  sediment  samples, 

I using  special  ' filtering  centrifuge  tubes  (Millipore 

Corporation  Model  XX62-025-50,  shown  in  Fig.  4).  Each 
sample  was  centrifuged  at  2,000  rpm  for  15  minutes.  The 
extracted  water  was  decanted  into  glass  vials  and  was 
analyzed  for  pH,  alkalinity,  and  conductivity. 

^ Following  centrifugation,  each  sediment  sample  was  dried 

in  an  oven  set  at  60°C  and  the  total  moisture  content  was 
calculated  on  a percentage  dry  weight  basis.  Accuracy  of 
' these  determinations  varied  with  the  grain  size  of  the 

material.  Values  for  fine-grained  materials  are  probably 
accurate  to  within  1 %.  However,  the  interstitial  water  in 
coarse-grained  materials  tended  to  drain  from  them  prior  to 
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centrifugation.  As  a result,  moisture  content 

determinations  for  these  materials  are  probably  too  low. 
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Figure  4.  Filtering  centrifuge  apparatus. 


Hydrogen  ion  activity  (pH)  was  measured  on  all  seawater 
and  interstitial  water  samples  using  a semi-micro  Ag/AgCl 
combination  electrode  (Corning  Scientific  Instruments  # 
476050)  connected  to  a portable  pH  meter  (Orion  Portable 
Model  407A) . The  calibration  was  checked  frequently,  using 
commercially  prepared  pH  7.00  and  pH  8.00  buffers.  Accuracy 
of  these  measurements  was  + 0.2  of  a pH  unit. 

Conductivity  was  measured  using  a conductivity  bridge 
(Industrial  Instruments,  Inc.  Model  RC-216B2J)  and  a glass 
pipette  conductivity  cell  (cell  constant  1.0).  The  cell 
constant  was  checked  regularly,  using  carefully  prepared 
potassium  chloride  solutions  of  known  conductivity  (Lind  et 
al.,  1959),  and  was  found  to  range  from  1.014  to  1.044. 
Temperatures  were  measured  to  the  nearest  tenth  of  a degree 
(°C)  using  a copper-constantan  thermocouple  and  a digital 
thermometer  (John  Fluke  Manufacturing  Company,  Inc.  Type  T 
Digital  Thermometer).  This  system  was  checked  using  a 
certified  mercury  thermometer  in  both  water  and  ice-water 
baths  and  its  measurements  were  found  to  be  both  accurate 
and  reproducible  to  at  least  0.1°C.  All  conductivity 
measurements  were  standardized  to  25°C  using  the  formula 


I 0.02  X ( 25  - t ) 1 


K(25)  - p X K(t)  X e 

where  K(25)  is  the  conductivity  at  25°C,  K(t)  is  the 
conductivity  at  temperature  t,  p is  the  cell  constant,  e is 
the  base  for  natural  lotjarithms  (2.71828),  and  0.02  is  an 
approximation  of  the  temperature  coefficient.  Precision  of 
the  conductivity  measurements  averaged  better  than  1 %. 
Accuracy,  in  some  cases,  was  considerably  worse. 

Most  of  the  conductivity  measurements  for  the 
interstitial  and  seawater  samples  were  made  with  a large 
resistor  placed  between  the  poles  of  the  conductivity 
instrument.  For  these  values,  accuracy  is  estimated  at  2 to 
J %.  However,  for  the  interstitial  water  samples  from  PB8, 
the  resistor  was  removed.  Initially,  it  was  thought  to  have 
no  effect  on  the  measurements  because  the  cell  constant  did 
not  change.  However,  the  conductivities  for  PB8  are  from  5 
to  15  % lower  than  would  be  expected  based  on  the  sodium  and 
chloride  ion  concentrations.  Therefore,  the  conductivity 
cata  for  PB8  should  only  be  used  to  indicate  relative 
concentrations  of  ions.  (Note:  Errors  in  the  conductivity 
measurements  for  PB8  did  not  affect  the  salinity 
determinations  as  the  latter  were  calculated  based  on  the 
concentrations  of  the  individual  ions  and  not  on  the 
conductivity  data). 


Alkalinity  was  measured  by  potent iometr ic  titration  of  a 
1-ml  sample  with  a 0.001  N ,hydrochlor ic  acid  solution.  The 
procedure  is  given  on  p.  55  in  Standard  Methods  for  the 
lamination  of  Water  and  Wastewater  (American  Public  Health 
Association  (APHAI,  l97l).  Known  solutions  of  sodium 
carbonate  were  used  to  standardize  the  normality  of  the 
acid.  Alkalinity  values  wore  calculated  as  parts  per 
thousand  (ppt)  bicarbonate  and  are  believed  to  be  accurate 
to  within  5 %. 

All  of  the  above  analyses  were  performed  in  the  CKKFL 
laboratory  in  Fairbanks,  Alaska.  Samples  were  then  shipped 
to  Hanover,  N.H.,  where  the  following  analyses  were  done  on 
the  interstitial  water,  seawater,  and  sediment  samples. 

Chloride  ion  concentrations  were  measured  using  a 
modified  version  of  the  Argent iometr ic  Method  as  outlined  in 
Standard  Methods  for  the  Examination  of  Water  and  Wastewater 
(APHA,  l97l;  p.  9b,  Procedure  ~Y12aT.  Normally,  a 1-ml 
sample  was  titrated  with  a more  dilute  silver  nitrate 
solution  than  is  called  tor  in  the  procedure.  The  silver 
nitrate  solution  was  standardized  daily  using  a sodium 
chloride  solution.  Precision  was  better  than  1 I,  whereas 
accuracy  was  believed  to  be  within  3 %. 

Sulfate  was  measured  using  a modified  version  of  the 
procedure  given  in  Scheide  and  Durst  (1977).  The  method 
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determines  sulfate  by  titration  with  lead  nitrate  in  an  80  % 
isopropanol  solution.  A lead  specific  ion  electrode  (Orion 
Model  94-82)  connected  to  a digital  pH-mV  meter  (Orion  Model 
801A)  is  used  to  determine  the  end  point.  The  procedure  was 
modifed  to  include  a strip  chart  recorder  (Hewlett-Packard 
Model  7100B)  and  a constant  delivery  tubing  pump  (Sage 
Instruments  Model  375A) . The  pump  was  found  to  have  an 
extremely  constant  delivery  rate,  varying  only  0.02  % 
between  replicate  samples.  Samples  were  placed  in  a Teflon 
beaker  with  a sodium  chloride  ionic  strength  adjustor.  The 
original  procedure  had  called  for  a potassium  nitrate  ionic 
strength  adjustor,  but  it  was  found  that  a precipitate 
formed  when  this  solution  was  added.  This  precipitate  may 
have  been  potassium  sulfate  because  it  disappeared  when  the 
solution  was  titrated  with  lead  nitrate.  To  prevent  a 
precipitate  from  forming,  a sodium  chloride  solution  was 
used  which  worked  satisfactorily. 


After  a sample  was  placed  in  the  Teflon  container,  the 
magnetic  stirrer  and  tubing  pump  were  started.  The  time  was 
noted  on  the  strip  chart  recorder  by  momentarily  flicking 
the  pH-mV  switch  to  pH  mode  on  the  digital  meter.  The 
titration  was  run  until  an  "S"-shaped  curve  was  produced  on 
the  strip  chart  recorder.  The  end  point  was  taken  to  be  the 
point  of  steepest  slope  and  the  time  of  the  end  point  was 
noted.  Standards  were  run  and  a best  fit  straight  line  was 
determined.  It  was  observed  that  the  standards  deviated 
from  this  line  at  concentrations  in  excess  of  200  parts  per 
million  of  sulfate  ion.  The  unknown  concentrations  were 
calculated  and  are  believed  to  be  accurate  to  within  7 or  8 


Sodium,  potassium,  calcium,  and  magnesium  ions  were 
determined  using  an  atomic  adsorption  spectrophotometer 
(Perkin  Elmer  Model  303).  Each  sample  was  diluted  to  the 
appropriate  range  and  analyzed.  lanthanum  oxide,  dissolved 
in  dilute  hydrochloric  acid,  was  added  to  the  calcium  and 
magnesium  dilutions  prior  to  analysis.  Precision  was  better 
than  + 3 % for  the  sodium,  calcium,  and  magnesium  analyses, 
and  better  than  + 4 % for  the  potassium  analyses.  Accuracy 
is  generally  believed  to  be  within  5 %. 


Sediment  Analyses 

Sediment  analyses  included  the  determination  of  calcium 
carbonate  and  organic  carbon.  Calcium  carbonate  was 
determined  by  measuring  the  volume  of  carbon  dioxide  gas 
evolved  when  hydrochloric  acid  (1:3)  was  added  to  a 
preweighed  sediment  sample  (Fig.  5).  A thin  film  of  oil  was 
added  to  both  the  reservoir  and  the  beaker  to  prevent  the 
carbon  dioxide  gas  from  dissolving  into  the  water  and  to 
prevent  evaporation.  Standards  of  reagent  grade  calcium 
carbonate  were  run  and  the  resulting  calibration  curve  was 
used  to  calculate  the  percentage  calcium  carbonate. 
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Precision  was  generally  + 1 to  2 %,  whereas  accuracy  was 

thought  to  be  about  5 %. 


Figure  5.  Apparatus  used  for  calcium  carbonate 
determinations. 


Organic  carbon  was  measured  using  a modification  of  the 
walkley  and  Black  (1934)  method  that  is  described  in  Bremner 
and  Jenkinson  (196(J).  The  reaction  is  based  on  the  wet 
chemical  oxidation  of  organic  carbon  using  a mixture  of 
potassium  dichromate  and  concentrated  sulfuric  acid.  At  the 
end  of  the  digestion  period,  the  amount  of  remaining 
potassium  dichromate  is  determined  by  titration  with  a 1 N 
ferrous  sulfate  solution  and  an  indicator  solution  of  barium 
chloride  and  barium  diphenylamine  sulfonate.  The  percentage 
of  organic  carbon  was  calculated  on  the  basis  that,  for 
every  1 ml  of  IN  potassium  dichromate  solution  consumed,  3 
mg  of  organic  carbon  were  oxidized.  Computed  values  have  a 
precision  of  better  than  + U.l  % organic  carbon,  whereas  the 
accuracy  is  probably  slightly  worse  due  to  variability  in 
subsampling  the  sediments. 

Grain  size  distributions  were  determined  by  Chamberlain 
(personal  communication,  1977),  using  standard  sieve  and 
hydrometer  methods  (Richards,  1954).  From  these  data,  the 
percentage  of  silt  and  clay  and  the  textural  classification 
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of  the  sediments  (Shepard,  1954)  were  determined.  Gross 
mineralogy  of  some  of  the  sediments  was  also  determined, 
using  standard  X-ray  diffraction  techniques. 

Sample  Notation 

Samples  are  labelled  using  one  of  the  following  formats: 
PB(?)  WC-(?),  PB(?)  WS-(?),  PH(?)  WC-(?),  or  SW(?)  WS-(?). 
Those  samples  prefixed  by  PB  were  collected  at  one  of  the 
five  boreholes  drilled  during  the  spring  of  1977.  The 
samples  were  either  seawater  samples  (WS)  or  sediment 
samples  (WC) . Those  samples  prefixed  by  PH  were  sediment 
samples  (WC)  which  were  collected  at  probe  hole  sites. 
Finally,  several  seawater  samples  were  collected  at  two 
stations  which  were  neither  probe  hole  nor  borehole  sites. 
These  are  designated  by  the  format  SW(?)  WS-(?). 
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of  each  borehole  is  viwr'ii  in  Sellmann  et  al.  (1  97  71  and  is 
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re  8.  Preliminary  loq  of  borehole  PB7  (Courtesy  of  Dr. 
ins,  and  Roger  Hartz,  U.S.G.S.). 
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cojtser  grained  material.  For  example,  clayr,  and  r.  i 1 t 5^ 
usually  contained  20  to  4S  f water  on  a dry  weiaht  basis, 
whereas  sands  contained  10  to  20  'i.  and  aiavols  less  than  10 
A.  This  distribution  with  giain  size  may  have  been  the 
result  of  a higher  porosity  in  the  clays  and  silts  or  may 
have  been  due  to  the  partial  drainage  ol  the  interstitial 
water  from  the  coarser  grained  materials  prior  to  analysis. 
Sands  and  gravels  have  lower  surface  tensions  than  either 
silt  or  clay  and,  therefore,  tended  to  allow  the 
interstitial  water  to  drain  more  easily  from  the  pore 
spaces.  This  surface  tension  effect  also  explains  why 


interstitial 
to  analysis, 
than  either 
allow  the 


proportionately  smaller  amounts  of  extractable  water  were 
obtainea  from  the  clays  and  silts  than  from  either  t h«'  sands 
or  gravels. 
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tract 

4 
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2 

Sadlaant 

and 

abla 

Total 

Car- 

Organic 

SAMPLE 

DEPTH 

Taxtur* 

■lit 

Hater 

Hater 

bonata 

Carbon 

PBS  HC-1 

l.SO 

18.9 

2S.9 

30.01 

0.12 

PBS  HC-2 

1.94 

21.8 

29.3 

26.43 

0.17 

PBS  HC-3 

2. IS 

9.4 

25. S 

29.03 

0.46 

PBS  HC-4 

3.34 

sandy  silt 

SS 

IS.O 

38.8 

24.96 

1.48 

PBS  NC-S 

s.so 

sandy  silt 

82 

7.1 

29. S 

29.44 

0.80 

PBS  MC-6 

S.9U 

clayay  silt 

SS 

S.2 

40.0 

28.28 

1.15 

PBS  WC-7 

4.10 

sandy  silt 

SS 

8.0 

28. S 

29.70 

0.69 

PBS  NC-8 

S.ll 

clayay  silt 

98 

4.9 

36. 9 

31.80 

1.19 

PBS  MC-9 

9.20 

sand 

8 

14.0 

18.7 

11.52 

0.07 

PBS  WC-10 

9.70 

sand 

9 

12.2 

18.9 

22.82 

0.18 

PBS  HC-11 

10. 3S 

14.1 

21. S 

29.23 

0.13 

PBS  HC-1 2 

10. BS 

graval 

9 

l.S 

4.8 

6.41 

0.08 

PBS  WC-13 

11.33 

gravel 

IS 

1.4 

4.8 

12.37 

O.OS 

PBS  HC-1 4 

1.90 

13.9 

36. 0 

23.28 

1.78 

PBS  HC-IS 

2. IS 

13.9 

40.2 

22.62 

1.72 

PBS  HC-1 6 

2.30 

13. S 

20.9 

11.11 

0.27 

PBS  HC-1 7 

2.93 

S.2 

13.7 

16.89 

0.13 

PBS  HC-1 8 

3.40 

silty  sand 

29 

2.0 

12.8 

24.21 

0.26 

PBS  HC-1 9 

3. S3 

3.2 

14. S 

12.75 

1.37 

PBS  WC-2U 

4.1U 

9.2 

IS.  3 

12.46 

0.12 

PBS  HC-21 

4.SS 

1.5 

13.4 

16.34 

0.37 

PBS  HC-22 

S.79 

pebbly  sand 

S 

6.1 

9.1 

4.24 

0.06 

PBS  HC-23 

29.72 

3.8 

6.8 

0.53 

0.08 

PBS  HC-24 

30.87 

6.S 

10.2 

0.38 

0.11 

PB7  NC-2S 

2.91 

2S.6 

42.9 

26.78 

1.06 

PB7  WC-2S 

3.03 

19.1 

27.4 

30.31 

0.23 

PB7  HC-27 

S.IS 

12. S 

30.3 

24.52 

0.74 

PB7  MC-28 

S.92 

2.9 

11.9 

26.70 

0.16 

PB7  HC-29 

10. 2S 

4.1 

S.9 

3.55 

O.OS 

PB7  HC-31 

14. SS 

gravel 

19 

3.9 

6.2 

2.10 

0.04 

PB7  HC-33 

2S.70 

3.4 

6.3 

1.01 

0.11 

PB7  HC-34 

38.98 

6.0 

8.9 

0.44 

0.10 

PB7  HC-3S 

4S.07 

2.8 

S.8 

0.89 

0.28 

PB7  HC-3S 

SU.4S 

l.S 

10.0 

1.12 

0.46 

PB7  HC-37 

S3. SO 

4.2 

7.8 

0.49 

0.21 

PB7  HC-38 

SS.SS 

1.1 

26. 7 

3.63 

3.03 

PB8  HC-39 

7.22 

4.0 

26. 4 

20.80 

0.76 

PBS  HC-40 

7.97 

silt,  sand 

S8 

3.1 

23.8 

21.62 

0.72 

PBS  HC-41 

B.S2 

4.8 

21.2 

23.55 

0.49 

PB8  HC-42 

9.47 

clayey  silt 

8S 

1.5 

26.9 

20.60 

1.11 

PBS  HC-43 

10.08 

3.4 

34.8 

18.22 

0.65 

PBS  HC-4 4 

10.27 

sandy  clay-silt 

80 

6.9 

23. S 

25.83 

0.44 

PBS  HC-4S 

10.48 

sand-clay-silt 

72 

S.S 

22.0 

24.74 

0.46 

PBS  HC-4S 

10.82 

3.4 

19.9 

23.52 

0.44 

PBS  HC-47 

11.37 

3.2 

27.3 

21  -4 

1.88 

PBS  HC-4b 

11. S4 

sand-clay-si It 

7S 

0.9 

21.9 

19.99 

0.85 

PBS  HC-49 

11.81 

sand-clay-sllt 

SB 

O.S 

IS. 8 

21.00 

0.48 

PBS  HC-SU 

12. IS 

2.3 

19.2 

20.90 

0.44 

PBS  HC-Sl 

12. 3S 

sand-clay-sllt 

7S 

3.S 

21.2 

23.20 

0.52 

PBS  HC-S2 

12. S3 

2.2 

32.7 

18.07 

0.99 

PBS  HC-S3 

13.12 

clayay  silt 

98 

l.S 

30.9 

21.03 

1.20 

PBS  HC-S4 

13.38 

clayey  silt 

87 

5.3 

36. 2 

18.60 

1.08 

PBS  HC-SS 

13. S9 

2.S 

38.4 

19.  36 

1.52 
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Table  1 continued. 


Ea-  4 


■PB"  la  boiebole  nueber , 
aaeple  numbec 


“PH"  la  piobe  hole  number,  and  “WC"  la  aediment 


in  metera  below  aea  Ice  auitace 


after  Shepard  (1<>%4) 


In  qrama  per  lUO  qrama  dry  weight 


In  percent  dry  weight 
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psa  NC-5a 

14.2) 

2.S 

43.0 

19.17 

1.32 

paa  wc-4? 

14. 

clayey  ailt 

99 

2.2 

3S.4 

20. 14 

1.38 

psa  NC-4a 

IS. 24 

2.1 

34.9 

19.72 

1.4) 

PBa 

IS.  31 

clayey  atlt 

98 

2.7 

39.2 

14.4) 

1.28 

PBa  wc-to 

IS.  90 

ailty  clay 

100 

1.1 

32. S 

13.48 

1 .4S 

PBa  NC-ai 

14.13 

O.S 

31.8 

11. S7 

1.S4 

PBa  wc-a2 

14. 4« 

0.2 

29. S 

12. SI 

1.48 

PBa 

14.99 

allty  clay 

100 

2.7 

44.7 

11.32 

1.70 

PBa  MC-a4 

17.41 

1.0 

33.2 

11.29 

1.48 

PBa  NC-6S 

14.40 

clayey  atlt 

90 

0.2 

24.1 

14.19 

1.49 

PBa  MO-aa 

14.84 

1.2 

24.2 

1 3.  2S 

1.70 

PBa  NC-a? 

19.30 

3.1 

17.8 

S.44 

0.  SO 

PBa  MC*aa 

20.  44 

10.7 

IS.S 

14.48 

0.10 

PBa  wc-a'i 

24.  SS 

2.0 

4.0 

1.S2 

0.27 

PH 24  NC-2 

2.  3u 

IS. 2 

44.9 

24. 74 

1.84 

PH24  WC-4 

2.44 

1 3.  3 

34.4 

24.  IS 

1 . 2S 

PH 2 7 WC-l 

l.9b 

IS.  3 

24. S 

29.92 

0.2S 

PH2?  Wl'-3 

2.17 

14.4 

30.0 

24.43 

0.40 

PH27  WC-4 

2.  37 

11.2 

27.2 

28.47 

0.78 

PB4  MC-IA 

0.  IS 

24. S 

49.1 

1.  34 

11.29 

PB'J  WC'lB 

0.  IS 

S.4 

S9.4 

S.98 

7.48 

PB«  WC-2A 

0.44 

SO.  4 

94.4 

8.01 

3.40 

l'B9  WC-2B 

0.44 

420.  1 

44S.S 

8.79 

4.88 

PB»  WC-2C 

0.44 

420.  1 

48S.S 

S.41 

8.84 

PB9  WC-3A 

0.74 

107.1 

144.4 

7.03 

12.04 

PB9  WC'JB 

0. 74 

107.1 

144.8 

7. OS 

12.92 

PB9  MC*4A 

1.07 

47.7 

110.7 

8.19 

12.11 

PB'i  WC-4B 

1.07 

47.  7 

1 10.  7 

7.  37 

11.91 

PB9  WC-4C 

1.07 

47.7 

1 30.7 

S.92 

S.02 

PBa  WC-4A 

1.37 

SS.4 

94.0 

S.94 

8.  14 

PB«  WC-4B 

1.  37 

SS.  4 

94.0 

4.77 

8.74 

PB^  WC-aA 

3.  12 

20.1 

24.1 

S.41 

0.07 

PB9  HC-aB 

3.12 

20.1 

24.1 

S.  74 

0.04 

PBV  WC-7 

3.  73 

IS. 2 

19.1 

S.  18 

0.07 

PB9  MC-BA 

S.03 

2.4 

8.S 

2.44 

O.OS 

PB^  NC-BB 

S.03 

2.4 

9.2 

2.40 

0.04 

PB*3  MC'^A 

4. 74 

0.4 

7.4 

1.80 

0.09 

PB^ 

4.74 

2.3 

4.4 

2.1) 

0.08 

PB**  WC-ll 

11. OS 

2.4 

S.  1 

1 . 7S 

O.OS 

PB'*  WC-12 

1 3.  24 

4.1 

9.  7 

2.8S 

0.04 

PD9  WC-l J 

14.10 

3.  7 

4.2 

4.  SO 

0.12 

PB*»  HC-14 

14.31 

0.9 

S.4 

2.90 

0.07 

PB*>  WC-14 

17.14 

2.0 

4.4 

1.S4 

0.14 

1 

Calcium  Carbonate  Content 


In  general*  the  marine  sediments  from  boreholes  PB5-H 
were  highly  calcareous  whereas  the  underlying  gravels  and 
the  sediments  from  the  hole  drilled  on  land  (PB9)  were  not. 

Calcium  carbonate  percentages  for  all  of  the  sediments 
ranged  from  0.38  to  31.80  (Table  1).  The  highest  values  (25 
to  32  %)  were  found  in  the  marine  sands  and  muds  of  PB5* 

PB7 , PH25,  and  PH27.  Interestingly,  all  of  these  stations 

are  near  the  2.-m  isobath  (Fig.  3),  suggesting  that  the  high 

percentages  of  calcium  carbonate  may  be  due  to  the 

precipitation  of  calcium  carbonate  from  brines  which  form 

during  the  freezing  of  seawater.  Both  seaward  and  landward  ' 

of  this  line  of  stations,  values  decreased  to  less  than  26  | 

%.  In  the  gravels  underlying  the  marine  muds  and  in  the 

peats  of  PB9,  calcium  carbonate  contents  were  generally  less 

than  10  %.  I 

The  above  findings  are  in  general  agreement  with  other  ,j 

studies.  Iskandar  et  al.  (1978),  for  example,  reported  j 

ranges  of  calcium  carbonate  of  15.5  to  21.3,  8.9  to  14.8, 
and  13.9  to  27.5  % for  the  marine  muds  of  PBl,  PB2,  and  PB3, 
respectively.  These  stations  are  located  near  PB5-8  (Fig. 

3).  Corresponding  values  for  the  gravels  ranged  from  less 
than  0.1  to  9.3  t.  Similar  ranges  of  1.5  to  28.69  % (Naidu 
and  Mowatt,  1973)  and  2.67  to  22.38  % (Burrel  et  al.,  1973) 
have  been  reported  for  other  areas  of  the  continental  shelf. 

Naidu  and  Mowatt  (1973  and  1974)  have  also  categorized  the 
calcium  carbonate  measurements  by  environment.  Lagoons,  for 
example,  averaged  between  18.9  and  20.1  %,  whereas  open 

marine  sediments  averaged  between  12.0  and  12.5  %.  These 
averages  compare  well  with  data  from  PBl,  PB3,  PB6,  and  PB8, 
and  PB2,  respectively. 

Organic  Carbon  Content 

Organic  carbon  contents  in  the  sediments  ranged  from  0.04 
to  12.92  % (Table  1).  'The  highest  values  (3.40  to  12.92  %) 
were  found  on  land,  in  the  upper  1.5  m of  PB9  where 
sediments  contained  abundant  amounts  of  peat.  Similar  high 
values  have  been  reported  by  Brown  (1969)  and  O'Sullivan 
(1963)  for  some  peats  at  Barrow,  Alaska.  Under  the  peaty 
layer,  the  sands  and  gravels  were  almost  totally  devoid  of 
organic  matter,  containing  less  than  0.15  % organic  carbon 
(cf . Schell,  1973) . 

In  the  marine  boreholes,  the  organic  carbon  content  is 
much  lower,  ranging  from  0.04  to  3.03  %.  Generally,  the 

higher  values  are  found  in  the  marine  silts  and  clays, 
k whereas  the  underlying  gravels  contain  less  than  0.5  %. 

. * However,  wash  samples  showed  that  some  zones  in  the  sandy 

r gravels  contained  interbedded  silty  sand  with  large 

quantities  of  woody  material.  This  would  explain  why  the 
; highest  value  (3.03  %)  was  found  at  the  bottom  of  PB7,  in 
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the  Mid-Wisconsin  alluvium. 
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Other  investigators  have  reported  similar  findings. 
Ch^unberlai^  (personal  communication,  1977),  for  example, 
reported  a range  of  0.24  to  3.10  % for  samples  that  were 
taken  from  the  same  cores  as  the  chemistry  samples.  His 
values  were  particularly  interesting  because  he  used  the 
combustion  method  to  determine  the  organic  carbon  content. 
Iskandar  et  al.  (1978)  reported  values  (for  PBl-3)  ranging 
from  0.12  to  3.15  % organic  carbon  in  the  marine  sediments 
whereas  the  underlying  gravels  contained  less  than  1.08  %. 
Naidu  and  Mowatt  (1974)  have  published  average  values  for 
the  surficial  sediments  in  various  environments.  Lagoons, 
for  example,  have  an  average  value  of  0.93  % organic  carbon. 
Other  environments  (with  their  corresponding  percentages) 
include  bays  (0.73  %) , open  marine  (0.81  %) , and  the 
nondeltaic  Beaufort  Sea  shelf  (1.12  %) . These  low  organic 
carbon  contents  suggest  that  organic  detritus  from  rivers 
and  shoreline  erosion  may  not  be  an  important  factor  in  the 
overall  organic  carbon  budget. 

Seawater  and  Interstitial  Water  Chemistry 


pH 


The  pH  data  (Table  2)  show  that  seawater  during  the 
spring  of  1977  had  a relatively  uniform  pH,  varying  from  7.7 
to  8.0.  In  the  sediments,  however,  pH  was  more  variable, 
ranging  from  7.05  to  8.4.  This  latter  range  is  similar  to 
the  ranges  reported  by  Iskandar  et  al.  (1978)  for  sediments 
from  PBl-3  (7.3  to  7.95),  by  Siever  et  al.  (1965)  for 
various  oceanic  sedimentary  environments  (7.0  to  7.85),  and 
by  Presley  and  Kaplan  (1968)  for  sediments  off  the  southern 
California  coast  (7.5  to  8.0).  In  Prudhoe  Bay,  pH  shows  a 
weak  tendency  for  slightly  higher  values  in  the  marine  muds 
(7.9  to  8.4)  than  in  either  the  underlying  gravels  (7.8  to 
8.1)  or  the  more  sandy  sediments  located  near  the  sea  bed 
surface  (7.5  to  7.9).  These  latter  sediments  are  probably 
influenced  by  the  lower  pH's  of  the  overlying  seawater. 

On  land,  pH  values  were  lower  (7.3  to  8.2)  in  the  upper  2 
m of  PB9  than  in  the  underlying  sands  and  gravels  (7.8  to 
8.4).  These  lower  pH's  are  probably  due  to  the  presence  of 
organic  acids  derived  from  the  abundant  peats  in  this  upper 
layer  of  sediment. 

Salinity  and  Conductivity 

Assuming  that  most  of  the  interstitial  water  samples  have 
compositions  similar  to  the  composition  of  seawater, 
salinity  may  be  calculated  in  two  ways.  The  first  is  to  sum 
up  all  of  the  cations  and  anions.  In  this  summation,  only 
one-half  of  the  bicarbonate  ion  concentration  should  be 
included.  The  reason  for  this  is  shown  by  the  following 
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Table  2 continued. 


1 

SAHPLC 

2 

DEPTH 

pH 

3 

Con- 

duct- 

ivity 

4 

Sal inity 

Sal inity 
(after 
UNESCO, 
1966) 

Calcu-  5 
1 a ed 
Freezing 
Point 

6 

Ionic 

Balance 

PBB  MC-b4 

17.61 

39.88 

32.66 

-1.73 

PBd  WC>bb 

IH.  40 

36.57 

-1.93 

PBS  WC’bb 

1B.B6 

42.51 

32.74 

-1  .73 

PB«  WC-67 

19.  iO 

B.Ol 

40.21 

32,80 

32.76 

-1 . 74 

-0.56 

PBB  MC-btt 

20.44 

7.B5 

43.22 

33.56 

33.62 

-1.77 

-0.15 

PBS  WC-bS 

26.59 

7.99 

45.17 

34.74 

-1.83 

PM 2 5 MC-2 

2.30 

7,85 

52.34 

39.35 

37.77 

-2.07 

1.12 

PH 2 5 WC-5 

2.66 

7.82 

55.22 

41.02 

39.96 

-2.16 

0.38 

PH  2 7 HC-l 

1.95 

7.66 

63.06 

49.77 

49.04 

-2.61 

0.66 

PH27  WC-J 

2.17 

7.73 

62.59 

47.77 

47.73 

-2.50 

1 . 35 

PH  2 7 HC-i 

2.  37 

7.81 

72.89 

55.71 

57.56 

-2.91 

2.  20 

PB9  nC-IA 

0.  15 

7.75 

1.71 

0.94 

0.80 

-0.10 

3.42 

PB'i  HC-lB 

u.  15 

8.19 

1 .66 

0.94 

0.75 

-0.10 

1 . 92 

PB9  WC-2A 

0.4b 

7.70 

1 . 17 

0.88 

0 53 

-0.10 

1.26 

PB9  taC-2B 

0 . 4b 

7.94 

0.  58 

0.56 

0.09 

-0.08 

-19.65 

PB9  hC-2C 

0.4b 

7.bb 

0.45 

0. 46 

0.04 

-0.07 

-19.21 

PB9  WC-JA 

0.7b 

7.49 

0.55 

0.47 

0.09 

-0.07 

-14.53 

PB9  WC-JB 

0.7b 

7.  10 

1 .19 

0.77 

0 . 36 

-0.09 

-5.73 

PB'J  WC-4A 

1.07 

7.b9 

2.48 

1.41 

1.13 

-0.  12 

-1.43 

PB'3  WC-4B 

1.07 

7. S3 

1.51 

0.93 

0.58 

-0.10 

-6.11 

PB9  WC-4C 

1.07 

8.05 

1 .10 

0 . 79 

0.  35 

-0.09 

-3.84 

PB9  WC-SA 

1.  37 

7.87 

2.02 

1.26 

0.81 

-0. 1 1 

1 , 20 

PB'»  WC-SB 

1.  37 

7.74 

2.29 

1 . 38 

0.94 

-0.12 

0.69 

PB9  WC-6A 

3.12 

8.  31 

1.61 

1.09 

0.62 

-O.ll 

-3.62 

PB^  WC-bB 

3.  12 

8.  38 

1 .49 

0.92 

0.57 

-0.10 

-2.48 

FB9  »»C-7 

1.73 

8.  19 

2.86 

1.74 

1 . 24 

-0.14 

-1  .31 

PB9  WC-BA 

S.03 

8. 3o 

7.10 

4.19 

3.05 

-0.27 

6 .43 

P69  WC-BB 

5.03 

8.  31 

6.60 

4.00 

2.  91 

-0.26 

4.05 

PB9  WC-9A 

b.  7B 

5.03 

-0.11 

PB9  WC-9B 

b . 7b 

8.33 

10.44 

5.  4b 

5.02 

-0.33 

12.82 

PB9  HC-11 

11.05 

8.20 

16.93 

10.14 

10.  36 

-0.57 

3.03 

PB9  HC-12 

13.26 

8.31 

12.71 

7.37 

7.41 

-0.4  3 

4.  31 

P89  WC-1 J 

14.  10 

8.21 

19.52 

12.11 

12.43 

-0.67 

6.73 

PB9  WC-14 

16.  31 

7.84 

18.07 

10.81 

11.12 

-0.61 

4.00 

PB9  WC-IS 

17,  14 

17.84 

12.58 

-0.70 

SHl  WS-1 

1.03 

33.94 

-1.79 

SHl  WS-2 

3. OS 

33.51 

-1.77 

SWl  WS-3 

4.27 

13.69 

-1 . 78 

SW2  WS-1 

l.b3 

33.82 

-1.79 

SW2  WS-2 

i.bb 

33.69 

-1  . 78 

SW2  WS-3 

5.  18 

33.69 

-1 . 78 

P87  WS-1 

0.  30 

34.54 

-1.82 

PB7  WS-2 

3. OS 

34.24 

-1.81 

PBS  WS-1 

1.62 

7.88 

55.74 

39.99 

39.78 

-2.  10 

1.05 

PBb  WS-1 

1.83 

7.62 

75.10 

57.27 

58.36 

-2  . 99 

-0. 99 

PB7  WS-3 

1.95 

7.91 

50.81 

35.  32 

35.  34 

-1  . 86 

1.07 

PBB  WS-1 

2.00 

7.88 

47.67 

33.54 

33.77 

-1.77 

1.51 

PBB  WS-2 

4. SO 

7,8b 

47.05 

33.46 

33.54 

-1.77 

1 . 30 

PB8  WS-3 

7.00 

7.97 

44.21 

33.38 

33.67 

-1  . 77 

1.05 

'TB'*  IS  borehole  number,  “PH"  is  pi  obe  hole  number,  "SW"  is  seawater 
collection  site  number,  "WC"  is  sediment  sample  number,  and  "WS"  is 
seawater  sample  number. 

2 

in  meters  below  sea  ice  surface 

3 

in  millimhos  per  centimeter,  corrected  to  25®C 

4 

sum  ot  cations  and  anions,  in  parts  per  thousand 
in  dev^rees  Celsius 

b 

in  percent  of  total  ionic  strength,  see  text. 
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equation: 


+ + 

Ca  +2  HCO  - Caro  + H 0 + CO 
3 3 2 2 

Only  one-half  of  the  bicarbonate  ion  concentration 
contributes  to  the  total  dissolved  solids  (or  salinity);  the 
other  halt  is  lost  as  carbon  dioxide  and  water.  The  second 
method  is  to  multiply  the  chloride  ion  concentration  (or 
chlorinity)  by  1.80655  (UNESCO,  1966).  The  calculated 
salinities  are  presented  in  Table  2. 

The  results  show  that  the  two  correlate  very  well.  The 
chloride  salinities  tend  to  be  slightly  higher  (mean 
difference  is  0.48  ppt)  than  tliose  obtained  by  summing  the 
cations  and  the  anions.  This  difference  is  not  surprisina 
because  the  chemical  analyses  presented  here  do  not  include 
bromine,  strontium,  boron,  silica,  or  other  constituents 
which  contribute  to  the  salinity.  Also,  seawater  is 
commonly  over satur ated  with  respect  to  calcium  carbonate, 
whereas  sediments  tend  to  be  just  at  saturation  (Siever  et 
al.,  1965).  Therefore,  the  chloride  ion  to  salinity  ratio 
should  be  higher  in  sediments  than  in  seawater.  The  data  in 
this  study  suggest  that  this  relationship  is  true,  although 
the  results  were  not  significant  when  compared  to  analytical 
precision . 

The  salinities  for  seawater  are  interesting  in  two 
respects.  First,  the  under-ice  salinity  in  early  spring  is 
higher  near  the  shore  than  in  deeper  water.  This  trend  is 
also  found  in  the  conductivity  data.  At  PB6 , where  salt 
exclusion  from  sea  ice  results  in  the  formation  of 
concentrated  brines  underneath  the  ice,  the  conductivity  was 
75  mmhos/cm.  Further  offshore,  the  conductivity  was  lower, 
being  51  mmhos/cm  at  PB7.  Similar  findings  have  been 
reported  by  Iskandar  et  al.  (1978),  Osterkamp  and  Harrison 
(1976),  Lewellen  (1973  and  1974),  and  Schell  (1973).  In 
general,  the  highest  salinities  and  conductivities  have  been 
recorded  inside  of  the  2-m  isobath  where  sea  ice  is  frozen 
directly  to,  or  is  located  near.  the  sea  bottom,  or  where 
circulation  in  the  water  c-^i'imn  beneath  the  ice  is 
restricted,  as  in  PBl  (Fig.  3).  Where  ice  is  not  located 
near  the  sea  bottom  or  when  circulation  with  deeper  water  is 
maintained,  the  salinity  and  conductivity  of  the  water  are 
much  lower. 

Secondly,  the  data  reported  for  PBS  suggest  that,  in 
early  spring,  the  under-ice  salinities  in  the  coastal  waters 
of  the  Beaufort  Sea  are  lower  than  the  salinity  for  normal 
seawater.  This  has  been  found  by  other  investigators  as 
well  including  Lewellen  (1973  and  1974)  and  Schell  (1973), 
who  reported  open  water,  under-ice  salinities  of  33.2  to 
33.7  and  30.4  to  33.9  ppt,  respectively.  All  of  these 
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measurements  agree  with  O'Rourke's  (1974)  work  on  the  water 
masses  in  the  Arctic  Ocean.  He  found  that  the  "Arctic  Ocean 
water"  was  generally  less  saline  than  normal  seawater  and 
attributed  this  to  mixing  of  surface  runoff  with  deeper 
"Atlantic  water"  off  the  Siberian  coast. 

In  the  sediments,  both  the  salinity  and  conductivity  are 
more  variable.  At  PBS  and  PB6 , for  example,  the  salinity 
and  conductivity  of  the  interstitial  water  from  sediments 
located  near  the  surface  of  the  sea  bed  are  higher  than 
those  occurring  in  the  sediments  deeper  in  the  hole.  These 
higher  salinities  and  conductivities  suggest  that 
concentrated  brines  are  infiltrating  into  the  sediments  from 
the  seawater  above.  Data  from  Osterkamp  and  Harrison's 
(1976)  study  support  this  hypothesis.  Immediately  beneath 
these  sediments,  the  conductivity  and  salinity  drop,  in  some 
cases,  to  a point  much  lower  than  those  salinities  (or 
conductivities)  found  in  the  rest  of  the  sediment  column. 
For  example,  at  PB6 , the  salinity  dropped  from  47.5  ppt 
(66.2  mmhos/cm)  at  the  surface  of  the  sediments  to  31.9  ppt 
(45.8  mmhos/cm)  at  a depth  of  25  cm  below  the  sediment/water 
interface.  Below  this  depth',  the  salinity  gradually  rose  to 
45.6  ppt  (62.2  mmhos/cm)  at  a depth  of  about  1 m from  the 
surface  of  the  sea  bed.  This  freshening  may  be  the  result 
of  freezing  in  these  sediments.  If  this  hypothesis  is  true, 
then  the  high  salinities  (56  ppt)  and  conductivities  (77.1 
mmhos/cm)  encountered  in  the  sediments  at  a depth  of  about 
2.5  to  5m  below  the  sediment/water  interface  could  have 
resulted  from  brine  exclusion.  Similar  freshenings  are 
found  at  the  bottom  of  PB6  and  at  the  surface  of  PB7. 

On  land,  both  the  salini^ty  and  conductivity  of  the  pore 
water  are  much  lower,  as  would  be  expected  (Table  2).  The 
lowest  salinities  and  conductivities  are  found  at  a depth  of 
0.5  to  0.8  m,  the  same  depth  with  the  maximal  water  content 
and  the  maximal  organic  carbon  content  (cf.  O'Sullivan,  1963 
and  Brown,  1969).  Below  a depth  of  about  4 m,  the  salinity 
and  conductivity  gradually  rise  to  a maximum  at  a depth  of 
14  m.  Similar  trends  of  increasing  conductivity  and 
salinity  with  increasing' depth  have  been  reported  by  Brown 
(1969),  by  O'Sullivan  (196^),  and  by  Osterkamp  and  Harrison 
(1976)  . 

Temperature  and  Calculated  Freezing  Points 

To  pursue  the  hypothesis  that  the  marine  sediments  near 
the  surface  of  the  sea  bed  may  be  frozen,  and  to  help 
confirm  the  position  of  ice-bonded  permafrost  with  depth, 
freezing  points  were  calculated  from  the  salinity  data.  In 
most  cases,  the  salinities  based  on  the  chemical  analyses 
were  used.  Only  when  the  chemical  analysis  for  a sample  was 
incomplete  was  the  salinity  based  on  the  chloride  ion 
concentration  used.  The  freezing  points  were  calculated 
using  the  following  formula: 


Freezing  Point 


f| 

N 


I 


j 

I 

1 


2 

- -0.00249  - 0.0533  x S - 0.0000764  x S 

3 

+ 0.00000187  X .S  - 0.000763  x 

Correlation  Coefficient  ■ 0.999993 

whore  S is  the  salinity  in  parts  per  thoun.in(1  (ppf)  and  7.  is 
the  depth  of  a sample  in  meters.  The  first  four  terms  of 
this  formula  were  obtained  by  a least  squares  analysis  of 
the  salinity  versus  freezing  point  data  for  seawater  as 
listed  in  the  57th  edition  t)f  the  Handbook  of  Chemistry  and 
Physics  (1976).  The  last  term  is  taken  from  Fujino  et  al . 
(1974}  and  is  used  to  correct  for  changes  in  the  freezing 
point  due  to  hydrostatic  pressure.  The  calculated  results 
are  listed  in  Table  2. 

Preliminary  temperature  data  were  obtained  from  B.V. 
Marshall  and  Dr.  A.H.  Lachcnbruch  of  the  U.S.  Geological 
Survey  (personal  communication,  1977).  These  measurements 
were  taken  several  weeks  after  the  completion  of  drilling. 
Because  the  thermal  disturbance  due  to  drilling  operations 
was  probably  minimal  (Sellmann,  personal  communication, 
1977),  it  can  probably  be  safely  assumed  that  the 
temperature  profiles  presented  here  are  close  to  the  in  situ 
thermal  conditions  that  were  existent  prior  to  drilling. 

For  t)ie  seawater  samples,  the  calculated  freezing  jioints 
should  bo  equal  to  the  in  situ  watei  temperature.  This 
assumes  that  all  of  the  seawater  samples  wer<'  in  ecui  i 1 i br  i urn 
with  the  sea  ice.  If  this  assumption  is  valid,  then  the 
seawater  temperatures  at  PH'),  PH6 , PB7,  and  Pmh  were  -2.l”C, 
-2.95^C,  -1.9°C,  and  -1.8^’c,  respectively.  These  values 
generally  agree  with  data  reported  by  Chamlterlain  et  al  . 
(1978)  and  by  Osterkamp  and  Harrison  (1976).  For  example, 
Osterkamp  and  Harrison  found  a temperature  of  -1.8”c  at  hole 
3370,  the  same  site  as  Pn7  (-l.H7”C).  Chamberlain  et  al. 
have  reported  a temperature  of  approximately  -1.7'\'  for  the 
sediments  locateo  near  the  surface  of  the  sea  bed  at  PB2  and 
PH3.  This  temperature  is  close  to  the  temperatures  found  at 
P08,  SW 1 , and  SW2  (Table  2).  Tfiese  temperatures,  and  other 
temperature  data  reported  liy  Chamberlain  et  al.  and 
Osterkamp  and  Harrison,  indicate  tiuit  the  temperature  of  the 
seawater  is  colder  nearer  tht'  shore,  where  sea  ic('  lien  on 
or  near  the  sea  bod,  than  in  liec'per  water. 

In  sediments,  the  relationship  between  the  calculated 
freezing  point  and  the  in  situ  temperature  is  more 
complicated  because  of  the  effects  of  surface  tension  on  the 
freezing  point.  Fine-grained  materials,  such  as  silts  and 
clays,  have  relatively  high  surface  tensions.  These 
tensions  essentially  increase  the  pressure  on  the  water  in 
the  por»'  water  system,  resulting  in  lower  freezing  points. 
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Because  it  is  very  difficult  (if  possible)  to  estimate  the 
effects  of  surface  tension  on  the  freezing  point  of  the 
interstitial  water,  freezing  points  calculated  on  the  basis 
of  salinity  and  hydrostatic  pressure  should  be  used  with 
some  caution. 

Figures  11-14  show  the  calculated  freezing  points  of  the 
interstitial  water  samples  plotted  alongside  the  temperature 
data.  In  FBb  (Fig.  12),  the  sediment  sample  (PB6  WC-15) 
which  had  the  lowest  salinity  and  conductivity  (Table  2)  is 
probably  frozen  to  some  degree.  If  the  temperature  profile 
is  extrapolated  to  intersect  the  seawater  temperature  of  - 
2.yb°C  (dashed  line),  then  it  appears  that  most  of  the 
sedimtMits  in  ll»e  upper  2 to  2.5  m of  the  sediment  column  are 
also  frozen  and  that  brine  exclusion  is  responsible  for  the 
higher  salinities  in  the  sediments  immediately  below  this 
freezing  layer  (PB6  WC-21  and  PBb  WC-22,  Table  2).  The 
sediments  at  the  bottom  of  PBb  also  appear  to  be  frozen. 
Driller's  notes  on  the  preliminary  logs  mention  difficulty 
in  drilling  at  a depth  of  30.5  m,  the  same  depth  at  which 
the  ground  temperature  is  lower  than  the  freezing  point. 
This  is  the  position  at  which  ice-bonded  permafrost  was 
probably  tirst  encountered. 
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Figme  11.  Temperature  and  calculated  freezing  points 
as  a function  of  depth  for  borehole  PBa  (Temperature 
data  courtesy  of  B.V.  Mat  shall  and  Dr.  ^.H. 

l.acltenbi  uch  , D . S . G . S . ) . 


In  P B 5 (Fig.  11),  the  salinities  are  slightly  1 owe r i n 
the  sediments  liown  to  a depth  ot  about  2 m below  the  surface 
of  the  se.i  bed  than  in  the  sediments  ileeper  in  the  hole 
(Table  2).  If  the  temperature  curve  is  extrapolated  to 
inteisect  the  calculated  fieezing  pi'int  of  the  seawatei 
samples  (Fig.  11),  then  the  sediments  in  the  upper  2 m of 
the  sediment  column  may  also  have  been  partially  ftozen. 
The  sliijhtly  highei  salinities  at  a depth  ot  5 m below  the 
surface  of  the  sea  bed  may  have  resulted  from  brine 
exclusion. 
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Figure  12.  Temperature  and  calculated  freezing  points 
as  a function  of  depth  for  borehole  PB6  (Temperature 
data  courtesy  of  B.V.  Marshall  and  Dr.  A.H. 
Lachenbruch,  U.S.G.S.). 


In  PB7  (Fig.  13),  the  sediments  at  the  surface  of  the  sea 
bed  again  appear  to  be  at  least  partially  frozen.  The  rest 
of  the  sediments  in  the  profile  appear  to  be  thawed  with  the 
exception  of  the  two  samples  (PB7  WC-37  and  PB7  WC-38) 
located  near  the  bottom  of  the  hole.  The  calculated 
freezing  points  for  these  samples  indicate  that  the 
sediments  may  have  been  frozen.  Chamberlain  (personal 
communication,  1977)  has  indicated  that  increased  resistance 
to  drilling  did  occur  at  these  depths  although  no  visible 
ice  was  found. 

Figure  14  shows  the  calculated  freezing  point  and 
temperature  profiles  for  PBH.  The  temperature  data  and  the 
calculated  freezing  points  for  the  seawater  samples  were  not 
equal  as  they  should  be.  This  discrepancy  may  have  resulted 
from  convection  in  the  fluid  inside  the  casing  in  which  the 
temperature  measurements  were  made.  The  upper  3 to  3.5  m of 
sediment  appear  to  be  at  least  partially  frozen. 
Immediately  below  this  layer,  higher  salinities  are 
encountered  (PB8  WC-48,  PB8  WC-49,  and  PB8  WC-50),  which 
once  again  can  be  attributed  to  brine  exclusion. 

Ionic  Balance 


Table  3 presents  the  results  of  the  major  cation  and 
anion  analyses.  As  would  be  expected,  sodium  and  chloride 
are  the  major  cation  and  anion,  respectively.  Most  of  the 
ions  range  from  very  low  concentrations  in  the  ice-rich 
peats  of  PB9  to  very  high  values  at  PB6 . To  check  the 
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quality  of  the  data,  ionic  balances  were  computed.  The  I 

ionic  balance  compares  the  difference  between  the  cations 

and  the  anions,  in  milliequivalents  per  liter  (meq/1),  to  j 

the  total  number  of  ions  in  the  solution.  The  formula  used 

is  given  below. 

Ionic  Balance  (%)  ■ (sum  of  cations)  - (sum  of  anions) 

X 100 

(sum  of  cations)  + (sum  of  anions) 
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Figure  13.  Temperature  and  calculated  freezing  points 
as  a function  of  depth  for  borehole  PB7  (Temperature 
data  courtesy  of  B.V.  Marshall  and  Dr.  A.H. 
Lachenbruch,  U.S.G.S.). 


The  results  are  presented  in  Tables  2 and  4.  These 
calculations  show  that  the  net  differences  between  the  sum 
of  the  cations  and  the  anions  are  generally  within  3 to  4 %. 
The  highest  values  were  obtained  from  PB9  and  were  the 
result  of  low  total  salt  content  rather  than  large 
differences  between  the  cations  and  the  anions.  For 
example,  the  three  samples  (PB9  WC-2B,  PB9  WC-2C,  and  PB9 
WC-3A)  which  have  the  highest  ionic  balances  (14.53  to  19.65 
»)  had  total  differences  between  the  cations  and  the  anions 
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of  only  1.9  to  2.7  meq/1  (see  the  Appendix).  This  is  well 
below  the  mean  for  the  rest  of  the  samples. 


Figure  14.  Temperature  and  calculated  freezing  points 
as  a function  of  depth  for  borehole  PB8  (Temperature 
data  courtesy  of  B.V.  Marshall  and  Dr.  A.H. 
Lachenbruch,  U.S.G.S.). 


Ionic  Ratios 

Sodium  to  Chloride  Ratio 

The  chemical  data  have  also  been  checked  by  comparing  the 
sodium  to  chloride  ratio  for  the  interstitial  water  to  that 
for  normal  seawater.  Because  this  is  a marine  environment, 
these  two  ratios  should  be  similar.  Figure  15  is  a plot  of 
the  sodium  concentration  versus  the  chloride  concentration, 
using  all  the  data,  including  those  obtained  for  PB9.  With 
the  exception  of  the  two  spurious  points,  a linear 
regression  analysis  showed  that  the  slope  of  the  line  was 
0.560.  This  slope  agrees  well  with  the  value  of  0.556  for 
normal  seawater. 

Other  Ionic  Ratios 

Table  5 presents  a number  of  ionic  ratios  for  the 
seawater  and  interstitial  water  samples.  These  ratios 
provide  more  information  about  possible  diagenetic  and/or 
chemical  changes  than  the  chemical  analyses  listed  in  Table 
3 because  they  eliminate  variations  due  strictly  to  changes 
in  salinity. 

Table  6 presents  a summary  of  the  ionic  ratios  for  the 
seawater  samples.  With  the  exception  of  sodium  and  possibly 
magnesium,  the  cation  to  chloride  ratios  are  higher,  and  the 
anion  to  chloride  ratios  are  lower,  than  the  corresponding 
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Tabl«  3 continued. 
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1.42 

12.34 

0.53 

0.49 

1.50 

22.02 

2.94 

0.14 

PBb  MS-1 

1.81 

17.18 

0.74 

0. 71 

2.13 

32.31 

3.97 

0.21 

PB7  MS-3 

l.BS 

10.93 

0.44 

0.44 

1.32 

19.54 

2.47 

0.12 

PBB  MS-1 

2.00 

10.44 

0.45 

0.42 

1.28 

18.49 

2.15 

0.11 

PBS  MS-2 

4.  SO 

10.40 

0.45 

0.  42 

1.25 

18.57 

2.25 

0.12 

PBB  MS-3 

7.00 

10.34 

0.44 

0.42 

1.25 

18.44 

2.14 

0.13 

"PB"  it  boreholt  number,  ’’PH"  is  probe  hole  number,  '*SW"  is  seawater  collection 
site  number,  **NC"  is  sediment  sample  number,  and  "WS"  is  seawater  sample  number 

2 

in  meters 
3 

alkalinity  is  eapressed  as  bicarbonate 
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Table  4.  SuMmacy  of  the  ionic  balances  in  all  interstitial  and  seawater 
samples. 


99  I 

Conf idence 

Nean  interval  Maximum 


99  I 

Conf Idence 

Mean  Interval  Maximum 


Ml  1 2 iequi valents  per  liter 


M 1 Sampl es 
Seawater 


Mar  ine 

Sediment  s 


Land 

Sediments 


2. SB 

♦ 0.97 

19.65 

17.11 

♦ 

4.84 

79.98 

1.16 

♦ 0.33 

1.51 

15.33 

♦ 

4.63 

19.59 

1.58 

♦ 0.45 

7.  13 

21 . 39 

♦ 

6.33 

79.98 

5.81 

♦ 3.  39 

19.65 

5.54 

♦ 

4.89 

28.7 

1 


’zwnr 


ratios  for  normal  seawater.  The  enrichments  in  potassium 
and  calcium  are  also  reflected  in  the  lower  sodium  to 
potassium  and  the  higher  calcium  to  magnesium  ratios. 
Generally,  there  is  no  explanation  for  these  variations  from 
the  composition  of  normal  seawater.  The  potassium  and 
calcium  enrichments  may  possibly  be  due  to  low  biological 
activity,  which  would  normally  remove  these  ions  from  the 
water  in  the  formation  of  cellular  protoplasm  and  calcareous 
shells. 


Figure  15.  Sodium  ion  concentration  as  a function  of 
chloride  ion  concentration. 


Table  7 presents  a summary  of  the  mean  ionic  ratios  for 
the  pore  water  from  each  of  the  boreholes.  In  the  marine 
sediments,  only  two  samples  (PB6  WC-62  and  PB6  WC-65,  Table 
5)  have  sodium  to  chloride  ratios  which  are  significantly 
different  from  that  for  normal  seawater.  The  chemical 
analyses  for  these  samples  (Table  3)  indicate  that  the 
sodium,  potassium,  and  magnesium  concentrations  are  all 
substantially  higher  than  those  from  samples  immediately 
adjacent  to  them.  Cation-anion  balances  would  also  require 
that  the  bicarbonate  ion  concentration  be  between  250  and 
275  meq/1  (15.3  to  16.8  ppt) , a concentration  much  higher 
than  the  highest  measured  concentration  of  18.8  meq/1  (1.15 
ppt)  (see  the  Appendix) . These  discrepancies  may  be  due  to 
the  extremely  small  water  volumes  that  were  extracted  by 
centrifugation  (0.65  and  0.56  g total  water  from  PB6  WC-62 
and  PB6  WC-65,  respectively),  to  evaporation,  or  possibly  to 
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T«bl*  i.  Salacta^  Ionic  tatloa  for  aaa«atat  and  Intocatitlal  vator , by  woi«ht. 


1 2 


SAMPLE 

DtriM 

MaiCl 

EiCl 

CaiCl 

N«lCl 

S04iCl 

HCOliCl 

NaiE 

CaiNq 

MC-l 

l.SO 

0.S4S 

0.0249 

0.0223 

0.0444 

0.072 

0.0093 

20.14 

0.334 

ris 

MC-J 

l.»4 

0.447 

0.0274 

0.0249 

0.0449 

0.094 

0.0044 

20.44 

0.371 

rss 

MC-J 

2.U  ' 

o.m 

0.0303 

0.0240 

0.0414 

0.110 

0.0114 

19.20 

0.409 

ris 

MC-4 

3.34 

0.444 

0.0304 

0.0224 

0.0494 

0.072 

0.0104 

17.98 

0.379 

PBS 

MC-5 

4.40 

0.444 

0.0314 

0.0214 

0.0421 

0.079 

0.0104 

17.64 

0.378 

PBS 

MC-t 

4.90 

0.444 

0.0309 

0.0222 

0.0404 

0.112 

0.0127 

17.98 

0.366 

PBS 

tlC-7 

4.10 

0.417 

0.0300 

0.0217 

0.0444 

0.077 

0.0123 

17.26 

0.391 

PBS 

MC-i 

t.ll 

0.444 

0.0312 

0.0209 

0.0497 

0.114 

0.0110 

18.21 

0.348 

PBS 

MC-» 

9.20 

0.440 

0.0277 

0.0211 

0.0444 

0.073 

0.0120 

19.48 

0.361 

PBS 

MC-10 

9.70 

0.447 

0.0291 

0.0224 

0.0449 

0.091 

0.0122 

19.11 

0.340 

PBS 

MC-11 

10.34 

0.444 

0.0302 

0.0211 

0.0417 

0.074 

0.0097 

18.07 

0.332 

PBS 

t(C-12 

10. t4 

0.44S 

0.0329 

0.0244 

0.0414 

0.094 

0.0061 

16.96 

0.433 

PBS 

MC-1  3 

11.33 

0.449 

0.0321 

0.0242 

0.0417 

0.090 

0.0071 

17.76 

0.409 

PBB 

WC-1  4 

1.90 

0.447 

0.0212 

0.0244 

0.0441 

0.097 

0.0067 

19.77 

0.398 

PB6 

MC-IS 

2.14 

0.430 

0.0282 

0.0271 

0.0471 

0.091 

0.0148 

22.36 

0.404 

PB6 

me- 16 

2.30 

0.444 

0.0240 

0.0244 

0.0701 

0.114 

0.0102 

22.11 

0.  363 

PBt 

WC-l  7 

2.93 

0.441 

0.0308 

0.0249 

0.04S9 

0.103 

0.0092 

17.87 

0.377 

PBb 

wc-l* 

3.40 

0.494 

0.0344 

0,0271 

0.0680 

0.120 

0.0090 

16.72 

0.  398 

PBb 

MC-14 

3.43 

0.474 

0.0340 

0.0248 

0.0642 

0.106 

0.0086 

14.98 

0.411 

PBb 

MC-20 

4.10 

0.444 

0.0294 

0.0274 

0.0672 

0.090 

0.0089 

19.14 

0.410 

PBb 

MC-21 

4.44 

0.470 

0.0377 

0.0274 

0.0637 

0.078 

0.0074 

14.10 

0.433 

PBb 

MC-22 

4.79 

0.443 

0.0277 

0.0243 

0.0668 

0.061 

0.0061 

19.57 

0.394 

PBb 

HC-2  3 

29.72 

0.439 

0.0289 

0.0288 

0.0610 

0.087 

0.0040 

18.65 

0.473 

PBb 

nc-24 

30.87 

0.440 

0.0241 

0.0333 

0.0627 

0.043 

0.0033 

22.38 

0.531 

PB7 

WC-2S 

2.91 

0.443 

0.0298 

0.0244 

0.0626 

0.117 

0.0127 

18.44 

0.406 

PB7 

WC-26 

3.03 

0.449 

0.0293 

0.0204 

0.0640 

0.102 

0.0181 

18.77 

0.  318 

PB7 

WC-27 

4.14 

0.444 

0.0299 

0.0247 

0.0638 

0.118 

0.0186 

18.57 

0.388 

PB? 

WC-28 

4.92 

0.441 

0.0381 

0.0240 

0.0491 

0.085 

0.0128 

14.48 

0.440 

PB7 

14C-29 

10.24 

0.444 

0.0289 

0.0282 

0,0627 

0.084 

0.0142 

18.86 

0.449 

PB7 

we- 31 

14.44 

0.440 

0.0293 

0.0294 

0.0641 

0.096 

0.0102 

18.44 

0.461 

PB7 

WC-33 

24.70 

0.438 

0.0304 

0.0299 

0.0643 

0.108 

0.0092 

17.62 

0.464 

PB7 

WC-34 

38.98 

0.448 

0.0288 

0.0249 

0.0640 

0.117 

0.0081 

19.35 

0.414 

PB7 

WC-15 

44.07 

0.440 

0.0317 

0.0288 

0.0634 

0.096 

0.0090 

17.37 

0.444 

PB7 

WC-36 

40.44 

0.449 

0.0323 

0.0239 

0.0611 

0.104 

0.0049 

17.29 

0.392 

PB7 

WC-37 

43.40 

0.449 

0.0284 

0.0242 

0.0647 

0.110 

0.0063 

19.28 

0.404 

PB7 

we- 3 8 

44.44 

0.449 

0.0314 

0.0227 

0.0462 

0.094 

0.0071 

17.73 

0.403 

PB0 

we-39 

7.22 

0.443 

0.0330 

0.0228 

0.0618 

0.114 

0.0142 

17.05 

0.369 

P88 

WC-40 

7.97 

0.471 

0.0341 

0.0172 

0.0466 

0.082 

0.0344 

16.74 

0.304 

PBB 

we-41 

8.42 

0.444 

0.0309 

0.0144 

0.0431 

0.078 

0.0383 

18.28 

0.271 

PBB 

we-42 

9.47 

0.473 

0.0344 

0.0119 

0.0469 

0.043 

0.0400 

16.13 

0.243 

PBB 

we-43 

ID.  UB 

0.479 

0.0310 

0.0093 

0.0469 

0.066 

0.0446 

18.68 

0.  199 

PBS 

We-44 

10.27 

0.449 

0.0291 

0.0123 

0.0494 

0.057 

0.0421 

19.23 

0.249 

PBB 

we-4s 

10.48 

0.471 

0.0294 

0.0087 

0.0488 

0.081 

0.0649 

19.32 

0.179 

PBB 

WC-46 

10.82 

0.472 

0.0337 

0.0084 

0.0430 

0.040 

0.0417 

16.96 

0.196 

PBB 

we-47 

11.37 

0.478 

0.0324 

0.0090 

0.0464 

0.089 

0.0408 

17.79 

0.194 

PBB 

we- 4 8 

11.44 

0.472 

0.0340 

0.0080 

0.0428 

0.061 

16.81 

0.188 

PBB 

WC-49 

11.81 

0.  444 

0.0343 

0.0074 

0.0411 

0.048 

16.47 

0.184 

PBB 

we-90 

12.14 

0.412 

0.0287 

0.0044 

0.0373 

0.061 

0.0370 

17.81 

0.144 

PBB 

WC-51 

12.34 

0.444 

0.0334 

0.0047 

0.0448 

0.042 

0.0463 

16.92 

0.146 

PBB 

WC-52 

12.43 

0.447 

0.0314 

0.0041 

0.0446 

0.062 

0.0486 

17.71 

0.134 

PBB 

we-43 

13.12 

0.449 

0.0321 

0.0043 

0.0436 

0.042 

0.0493 

17.71 

0.144 

PBB 

WC-44 

13.38 

0.474 

0.0294 

0.0049 

0.0478 

0.043 

0.0416 

19.40 

0.144 

PBB 

we-44 

13.49 

0.474 

0.0329 

0.0070 

0.0487 

0.061 

0.0446 

17.44 

0.144 

PBB 

we-46 

14.23 

0.  448 

0.0304 

0.0080 

0.0484 

0.086 

0.0602 

18.49 

0.166 

PBB 

WC-47 

14.44 

0.473 

0.0304 

0.0081 

0.0487 

0.080 

0.0490 

18.69 

0.166 

PBB 

we- 4 8 

14.24 

0.  443 

0.0302 

0.0072 

0.0498 

0.084 

0.0498 

18.67 

0.144 

PBB 

we-49 

14.  33 

0.471 

0.0299 

0.0074 

0.0416 

0.088 

0.0667 

19.13 

0.146 

PBB 

we-40 

14.90 

0.  479 

0.0302 

0.0078 

0.0410 

0.104 

19.17 

0.143 

PBB 

we-41 

14.13 

0.472 

0.0284 

0.0081 

0.0416 

0.117 

19.96 

0.148 

4A 
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Tabl*  S continued 


1 3 


SMirLB 

DKrrH 

NatCl 

RiCl 

CatCl 

N9IC1 

S04iCl 

HC03tCl 

NatR 

CaiW9 

PBt  NC-42 

14.41 

0.412 

0.0441 

0.0126 

0.0726 

0.096 

16.41 

0.174 

PBB  NC-d] 

14. SS 

0.S92 

0.0115 

0.0149 

0.0406 

0.1-33 

16.77 

0.244 

PBS  NC*«4 

17.41 

0.S44 

0.0305 

0.0112 

0.0545 

0.097 

16.46 

0.199 

PBS  NC-SS 

11.40 

0.414 

0.0439 

0.0157 

0.0764 

0.101 

16.59 

0.200 

PBS  NC-SS 

14.44 

0.S4S 

0.0295 

0.0124 

0.0567 

O.IU 

19.30 

0.215 

PBS  NC-S7 

IS. 30 

0.S4S 

0.0292 

0.0129 

0.0576 

0.116 

0.0240 

19.15 

0.224 

PBS  MC-SS 

20.44 

O.SSO 

0.0291 

0.0166 

0.0451 

0.123 

0.0176 

16.92 

0.269 

PBS  NC-6S 

24. SS 

0.573 

0.0329 

0.0303 

0.0435 

0.122 

17.39 

0.477 

PH2S  NC-2 

2.30 

0.S41 

0.0307 

0.0246 

0.0451 

0.U6 

0.0127 

16.90 

0.  361 

PH2S  NC-5 

2.44 

0.S49 

0.0305 

0.0232 

0.0434 

0.155 

0.0140 

16.44 

0.344 

PH27  NC-1 

l.SS 

0.S44 

0.0279 

0.0243 

0.0445 

0.144 

0.0064 

20.24 

0.377 

PH27  Me-} 

2.17 

0.554 

0.0254 

0.0236 

0.0460 

0.120 

0.0117 

21.97 

0.350 

PH27  NC-5 

2.37 

0.544 

0.0269 

0.0243 

0.0460 

0.074 

0.0093 

16.64 

0.356 

PBS  NC-IA 

O.IS 

0.444 

0.0251 

0.2553 

0.0495 

0.096 

0.2463 

17.49 

5.155 

PBS  NC-IB 

0.  IS 

0.3S7 

0.0232 

0.3252 

0.0525 

0.167 

0.2957 

17.06 

4.169 

PBS  NC-2A 

0.44 

O.SOS 

0.0324 

0.3652 

0.0453 

0.  355 

0.4479 

15.47 

5.902 

PBS  NC-2B 

0.44 

0.7S7 

0.1172 

1.2591 

0.1734 

3.807 

3.6717 

4.60 

7.253 

PBS  NC-2C 

0.44 

0.673 

0.1742 

2.4794 

0.2953 

4.421 

7.0128 

5.01 

8.  396 

PBS  MC*3A 

0.74 

0.407 

0.0592 

1.5355 

0.1542 

2.640 

3.5205 

4.66 

9.958 

PBS  NC-3B 

0.74 

0.21S 

0.0334 

0.7352 

0.0638 

0.709 

1.0564 

4.  39 

8.  777 

PBS  MC-4A 

1.07 

0.243 

0.0216 

0.4186 

0.0547 

0.167 

0.3343 

11.14 

7.455 

PBS  WC-4B 

1.07 

0.213 

0.0259 

0.5404 

0.0437 

0.427 

0.4413 

8.23 

8.488 

PBS  NC-4C 

1.07 

O.SSl 

0.03S7 

0.5343 

0.0773 

0.813 

1.0492 

13.68 

4.910 

PBS  WC-5A 

1.37 

0.346 

0.0242 

0.4637 

0.0724 

0.240 

0.4494 

1 3.  26 

6.  365 

PBS  WC-SB 

1.37 

0.306 

0.0224 

0.4420 

0.048S 

0.263 

0.5139 

13.73 

6.705 

PBS  WC-6A 

3.12 

0.SS2 

0.0462 

0.1921 

0.1547 

0.578 

0.4711 

11.95 

1.226 

PBS  WC-bB 

3.12 

0.  S42 

0.0442 

0.  ISIS 

0.1343 

0.512 

0.5113 

8.49 

1.115 

PBS  WC-7 

3.73 

0.S3S 

0.0392 

0. 1245 

0.1214 

0.375 

0.3403 

13.44 

1.024 

PBS  WC-8A 

S.U3 

0.S04 

0.0749 

0.1913 

0.1 399 

0.421 

0. 1508 

4.73 

1 . 348 

PBS  WC-6B 

S.03 

0.4S0 

0.0768 

0.1823 

0.1335 

0.440 

0. 1407 

4.  38 

1 . 346 

PBS  WC-SA 

b.76 

0.S22 

0.0750 

0.  1197 

0.0624 

4.94 

1.453 

PBS  NC'SB 

4.78 

0.S22 

O.OSIB 

0.1364 

0.1122 

0.089 

0.0543 

10.08 

1 . 216 

PBS  NC-1 1 

11. OS 

0.S41 

0.0408 

0.047S 

0.0544 

0.044 

0.0375 

1 3.  24 

0.842 

PBS  NC-12 

13.24 

0.  S32 

0.0404 

0.0591 

0.0591 

0.045 

0.0411 

8.60 

1.000 

PBS  WC-1 3 

14.10 

0.  S44 

0.0377 

0.0705 

0.0617 

0.019 

0.0274 

14.44 

1 . 14) 

PBS  WC-1 4 

14.31 

0.S43 

0.0S06 

0.0580 

0.0477 

0.034 

0.0229 

10.74 

1.217 

PBS  WC-IS 

17.  14 

0.S4S 

0.U444 

0.0438 

0.0352 

0.0245 

12.28 

1 . 246 

SWl  WS-1 

1.83 

0.S57 

0.0232 

0.0222 

0.0448 

0.102 

24.00 

0.  3)2 

SWl  WS-2 

3. OS 

0.S4S 

0.0234 

0.0223 

0.0683 

0.114 

23.98 

0.  326 

SWl  WS-3 

4.27 

O.SSS 

0.0232 

0.0218 

0.0471 

0.129 

23.96 

0.  325 

SW2  WS-1 

1.83 

0.  S43 

0.0238 

0.0221 

0.0461 

0.  108 

23.43 

0.  325 

SW2  WS-2 

3.44 

0.S42 

0.0243 

0.0224 

0.0475 

0.151 

23.15 

0.  3)2 

SW2  WS-3 

S.  18 

0.571 

0.0223 

0.0223 

0.0474 

0.129 

25.59 

0.  331 

PB7  WS-1 

0.30 

0.  S70 

0.0234 

0.0230 

0.0482 

0.124 

24.  33 

0.  337 

PB7  WS-2 

3. OS 

0.  S47 

0.0236 

0.0222 

0.0479 

0.134 

23.99 

0.  327 

PBS  WS-1 

1.42 

0.S42 

0.0242 

0.0224 

0 0480 

0.134 

0.0044 

23.21 

0.329 

PB6  WS-1 

1.83 

0.S32 

0.0235 

0.0221 

0.0460 

0.123 

0.0044 

22.44 

0.  335 

PB7  WS-3 

l.SS 

O.SSS 

0.0236 

0.0227 

0.0474 

0.126 

0.004) 

23.45 

0.  336 

PBB  WS-1 

2.00 

0.SS8 

0.0236 

0.0224 

0.0484 

0.115 

0.0061 

23.41 

0.  328 

PBB  WS-2 

4. SO 

0.S40 

0.0242 

0.0227 

0.0474 

0.121 

0.004? 

23.15 

0.337 

PBB  WS-3 

7.00 

O.SSS 

0.0238 

0.0225 

0.0472 

0.114 

0.0069 

23.  35 

0.  3)5 

1 

in  meters 

2 
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Table  i.  (uMacy  of  tha  aaawatai  Ionic  racloa. 


Ratio 

Hotmal 
Sea-  1 

mater 

Ranqe 

Mean 

9«  t 

Confidence 

Interval 

Percent 
Var lance 

NatCl 

o.sst 

0.SJ2  - 0.i71 

0.660 

40.008 

< 1 

KtCl 

0.020 

0.0223  - 0.0243 

0.0236 

40.0004 

418 

CatCl 

0.U21 

0.0218 

- 0.0230 

0.0224 

40.0002 

4 6 

M^sCl 

0.0(7 

0.0660 

- 0.0684 

0.0676 

40.0006 

< 1 

S04iCl 

0.140 

0.102 

- 0.161 

0.123 

40.010 

-12 

HCOisCl 

0.007 

0.0061 

- 0.0064 

0.0066 

40.0006 

-13 

Na  iK 

27.74 

22.64 

- 26.64 

23.72 

40.67 

-16 

Ca:M9 

0.314 

0.326 

- 0.337 

0.331 

40.004 

4 6 

I 

Analyses  are  obtained  front  the  44th  edition  of  the  Handbook  of  Chemistry 
and  Physics  (146B). 

J ■■ 

Percent  variance  is  computed  using  the  formulas 

Percent  Variance  - (Mean  experimental  ratto)  - (Normal  seawater  ratio)  i 100 


(Normal  seawater  ratio) 
3 

Alkalinity  is  expressed  as  bicarbonate. 


Table  7,  Suanacy  of  the  interatltial  water  aean  ionic  ratios  in 
different  holes  froa  Prudhoe  Bay,  Alaska. 


Ratios 


Noraal  Means  of  ratios  with  99  t Confidence  Intervals 

Sea-  1 

water  PB  S PB  6 PB  7 


NaiCl 

0.SS6 

0.552  ♦ 

0.012 

0.564  * 0.027 

0.551  « 0.006 

KiCl 

0.0200 

0.0301  + 

0.0015 

0.0301  * 0.0043 

0.0307  . 0.0024 

CaiCl 

0.0211 

0.0233  . 

0.0016 

0.0273  * 0.0022 

0.0261  . 0.0026 

HqtCl 

0.0670 

0.0624  . 

0.0027 

0.0656  ♦ 0.0025 

0.0626  . 0.0023 

HC03:C1 

0.U07S 

0.0103  ♦ 

0.0017 

0.0081  * 0.0029 

0.0109  . 0.0040 

S04:C1 

0.1395 

0.086  . 

0.013 

0.091  * 0.020 

0.103  .0.011 

Na:K 

27.79 

18.43  ♦ 

0.95 

19.06  * X.42 

18.03  .1.18 

Ca:M9 

0.314 

0.373  ♦ 

0.026 

0.417  ♦ 0.045 

0.416  « 0.037 

Norma  1 

Means 

of  ratios  with  99  t Confidence  Intervals 

Sea-  1 

Ratios 

water 

P8  8 

PB  9 

PH  25  and  PH  27 

Na:Cl 

0.556 

0.561  ♦ 

0.007 

0.487  « 0.089 

0.563  . 0.028 

K;C1 

0.0200 

0.0313  ♦ 

O.OOlO 

0.0527  ♦ 0.0197 

0.0287  . 0.0045 

Ca:Cl 

0.0211 

0.0111  ♦ 

0.0027 

0.4488  * 0.3270 

0.0241  . 0.0012 

H9:C1 

0.0670 

0.0507  ♦ 

0.0036 

0.0981  ♦ 0.0335 

0.0658  . 0.0042 

HC03:C1 

U.U075 

0.0449  . 

0.0088 

0.9525  « 0.9757 

0.0U2  « 0.0048 

S04:C1 

0.1395 

0.083  * 

0.013 

0.869  * 0.9S6 

0.132  . 0.076 

Na:K 

27.79 

18.19  ♦ 

0.50 

4.250  ♦ 1.877 

19.73  . 2.89 

Ca  :M9 

0.314 

0.207  ♦ 

0.037 

10.81  .2.12 

0.366  . 0.027 

1 

Analyses  are  obtained  from  the  49th  edition  of  the  Handbook  of  Chemistry  and  Physics  (1968). 

2 

Alkalinity  is  expressed  as  bicarbonate. 
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some  other  analytical  error.  Uni or tunatel y , neither  of 
these  samples  had  sufficient  water  left  after  the  first 
analysis  to  check  the  measurements. 

The  constancy  of  the  sodium  to  chloride  ratio,  and  its 
similarity  to  that  for  normal  seawater,  suggests  that  none 
of  the  diagenetic  mechanisms  which  are  known  to  affect  the 
sodium  concentration  are  occurring  to  any  significant  degree 
under  the  conditions  that  exist  at  Prudhoe  Bay.  In 
contrast,  all  of  the  other  ions  have  ratios  which  deviate 
significantly  from  those  for  normal  seawater.  Potassium, 
for  example,  appears  to  be  about  50  % higher  in  the 
interstitial  water  than  in  normal  seawater.  This  enrichment 
is  also  above  that  found  in  the  Prudhoe  Bay  seawater  and  is 
found  in  both  the  fine-c rained  and  the  coarse-grained 
material . 

Potassium  may  be  enriched  in  two  ways.  The  first  is 
through  the  weathering  of  potassium-rich  minerals  such  as 
potassium  feldspar,  muscovite,  or  illite.  At  least  60  * of 
the  clays  at  Prudhoe  Bay  are  illite  (Naidu  and  Mowatt,  1974) 
and  X-ray  diffraction  studies  confirm  that  illite  and/or 
mica  (muscovite?)  are  present  in  most  of  the  fine-grained 
sediments.  Siever  et  al.  (1965)  have  reported  that 
weathering  of  these  minerals  can  result  in  the  potassium 
concentration  being  raised  from  0.37  to  0.54  ppt  in  the 
interstitial  water,  an  enrichment  similar  to  that  found  in 
Prudhoe  Bay.  Similar  results  have  also  been  reported  by 
Manheim  ( 1974 ) . 

The  second  mechanism  is  due  to  the  influence  of 
temperature  on  the  exchangeable  cations.  This  "temperature 
effect"  is  discussed  in  Manheim  and  Sayles  (1974),  Eischoff 
et  al . (1970),  and  Bischoff  and  Ku  (1970).  The  exchange 
sites  on  clays  ate  selective  with  respect  to  the  ions  which 
they  adsorb.  This  selectivity  changes  with  the  temperature 
of  the  sediment,  i.e.,  if  a sediment's  temperature  was 
raised,  proportionately  more  or  less  of  an  ion  would  be 
adsorbed  at  the  higher  temperature  than  at  the  lower 
temperature.  The  degree  to  which  this  variation  with 
temperature  occurs  is  different  for  each  ion.  For  example, 
as  the  temperature  is  increased,  potassium,  sodium,  and 
lithium  become  enriched  in  the  interstitial  water. 
Potassium  shows  the  greatest  enrichment  and  lithium  the 
least.  Conversely,  magnesium,  strontium,  and  calcium  become 
depleted  in  the  interstitial  solution,  with  magnesium 
showing  the  greatest  depletion  and  calcium  the  least. 
Therefore,  if  the  temperature  were  raised  in  fine-grained 
samples,  potassium  and  sodium  would  be  enriched  in  the 
interstitial  water  whereas  magnesium  and  calcium  would  be 
depleted . 

In  the  present  study,  core  was  taken  to  ensure  that  the 
temperature  was  not  markedly  different  from  the  in  situ 
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conditions.  Samples  were  packed  in  insulated  boxes  during 
shipping  and  were  kept  in  a refrigerator  until  just  prior  to 
analysis.  In  spite  of  this,  some  warming  of  the  sediment 
did  occur  during  centrifugation.  Bischoff  et  al.  (1970) 
reported  that  the  temperature  effect  may  produce  a potassium 
enrichment  of  up  to  13.3  %.  Whether  or  not  enrichments  of 
50  % can  occur  by  this  mechanism  is  not  known.  In  general, 
it  is  thought  that  some  of  the  potassium  enrichment  is  due 
to  the  temperature  effect:  but  that  most  is  due  to  the 
weathering  of  potassium-rich  minerals. 


The  calcium  to  chloride  and  the  calcium  to  magnesium 
ratios  show  that  calcium  is  also  enriched  by  about  20  % in 
the  interstitial  water.  This  enrichment  occurs  in  most  of 
marine  sediments  and  may  be  due  to  either  cation  exchange 
reactions  or  the  dissolution  of  carbonate  minerals.  In 
Prudhoe  Bay,  most  of  the  marine  sediments  are  probably  from 
the  Sagavanirktok  River,  although  some  are  undoubtably  from 
other  sources  including  the  adjacent  coastal  plain.  Because 
the  Sagavanirktok  River  drains  through  limestones  in  the 
Brooks  Range,  transported  clays  would  probably  have  most  of 
their  exchange  sites  saturated  with  calcium.  When  these 
clays  reach  the  Beaufort  Sea,  the  chemical  environment 
changes  to  one  which  is  bo,th  sodium  and  magnesium  rich. 


Even  if  calcium  were  preferent ial ly  adsorbed,  the  law  of 
mass  action  requires  that  some  exchange  with  sodium, 
potassium,  and/or  magnesium  occur,  the  result  being  that 
calcium  is  released  into  the  water.  This  mechanism  may 
explain  why  calcium  is  enriched  in  the  seawater.  When  the 
clays  settle  to  the  sea  floor,  weathering  of  potassium-rich 
minerals  would  release  fairly  large  amounts  of  potassium 
into  the  interstitial  water.  This  would  result  in  the 
further  displacement  of  calcium  from  the  exchange  sites  and 
in  the  observed  enrichment  in  the  interstitial  water. 


There  are  two  drawbacks  to  this  mechanism.  First,  it  is 
not  known  whether  such  a > mechanism  can  account  for  a 20  % 
enrichment  in  the  interstitial  water.  And  secondly,  if 
cation  exchange  is  relatively  instantaneous,  then  most  of 
the  cation  exchange  should  occur  while  the  clays  are 
suspended  in  the  water  column. 


The  magnesium  to  chloride  ratio  (Table  7)  shows  that 
magnesium  is  slightly  depleted  (about  4 %)  in  the 

interstitial  water.  This  depletion  is  generally  uniform 
throughout  all  of  the  marine  holes  except  PB8.  In  PBS, 
be  some  decrease  with  depth  in  the  marine  clays, 
that  adsorption  on  clays  or  replacement  of 
for  calcium  in  calcium  carbonate  may  have 
These  mechanisms  may  also  account  for  the 
in  the  magnesium  to  chloride  ratios  over 
Prudhoe  Bay  seawater.  The  relative 
the  result  of  the  temperature  effect 


there  may 
suggesting 
magnesium 
occurred . 
relative  decrease 
those  found  in  the 
decrease  may  also  be 
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discussed  previously.  Bischoff  et  al.  (1970),  for  example, 
have  reported  that  this  effect  may  cause  a decrease  of  2.5  % 
in  the  magnesium  concentration. 

The  bicarbonate  (alkalinity)  to  chloride  ratios  (Table  7) 
indicate  that  alkalinity  is  significantly  higher  in  the 
marine  sediments  (PBS,  PB6 , PB7,  PH25,  and  PH27)  than  in 
normal  seawater.  Generally,  the  ratio  is  higher  in  the 
marine  muds  than  in  either  the  sands  near  the  surface  of  the 
sea  bed  or  the  gravels  underlying  the  marine  muds.  This 
pattern  follows  both  the  calcium  carbonate  and  the  organic 
carbon  distributions  and  suggests  that  the  higher 
alkalinities  are  the  result  of  the  oxidation  of  organic 
matter  with  the  concurrent  dissolution  of  calcium  carbonate. 
When  organic  matter  is  oxidized,  either  chemically  or 
biochemically,  carbon  dioxide  gas  is  released.  This  gas 
reacts  with  water  to  form  carbonic  acid  which  may  react  with 
calcium  carbonate  to  produce  calcium  and  bicarbonate  ions. 
The  reaction  is  summarized  below: 


++ 

CH  0 + 0 + CaCO  » Ca  +2  HCO 

2 2 3 3 

As  a result,  both  the  calcium  and  alkalinity  concentrations 
are  increased  in  the  marine  sediments. 

The  sulfate  to  chloride  ratios  (Table  7)  show  that 
sulfate  is  also  uniformly  depleted  in  the  interstitial  water 
of  PBS,  PB6,  and  PB7.  This  depletion  may  be  explained  by  a 
mechanism  similar  to  the  one  given  above.  In  a mildly 
reducing  environment,  certain  types  of  bacteria  are  known  to 
derive  the  oxygen  they  need  for  the  oxidation  of  organic 
matter  through  the  reduction  of  sulfate  ions  to  sulfide 
ions.  The  reaction  is  summarized  below: 


2CHO+SO  -S  +2  CO  +2HO 
2 4 2 2 

Provided  that  the  sulfide  ion  does  not  react  with  hydrogen 
ions  to  form  hydrogen  sulfide,  the  increase  in  the  carbonic 
acid  would  dissolve  some  calcium  carbonate,  causing  both  the 
alkalinity  and  the  calcium  ion  concentrations  to  increase  as 
the  sulfate  ion  concentration  decreases. 

Holes  PB8  and  PB9  have  not  yet  been  included  in  most  of 
the  discussion  because  the  chemical  profiles  for  both  of 
these  holes  are  markedly  different  from  the  others.  Figures 
16  and  17  show  the  chemical  profiles  for  PBB . The  chloride 
ion  concentrations  (Fig.  16a)  are  relatively  constant 
throughout  the  profile  and  are  similar  to  the  sodium  ion 
distribution  (Fig.  16b).  Table  7 indicates  that  the  ratios 
of  these  two  ions  do  not  vary  significantly  from  either 
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normal  seawater  or  from  the  other  marine  boreholes. 
Potassium  is  also  constant  throughout  the  profile  (Fig.  16c) 
and  appears  to  be  relatively  enriched  in  the  sediments  over 
the  concentration  found  in  the  overlying  seawater.  This 
enrichment,  however,  is  not  significantly  different  from 
that  for  the  the  other  marine  boreholes,  as  the  potassium  to 
chloride  and  the  sodium  to  potassium  ratios  in  Table  7 


indicate.  On  the  basis  of  these  three  ions,  it  can  be 
assumed  that  the  water  in  PB8  was  originally  similar  to  the 


water  in  the  other  three  marine  boreholes. 


c.  d. 


Figure  16.  Chloride,  sodium,  potassium,  and  salinity 
as  a function  of  depth  for  borehole  PB8. 


Figures  17a,  17b,  and  17c  show  the  calcium,  magnesium, 
and  sulfate  concentrations  with  depth.  In  the  sediments  at 
the  surface  of  the  sea  bed,  all  of  these  ions  have 
concentrations  which  are  very  close  to  those  found  in  the 
overlying  seawater.  However,  immediately  below  the 
sediment/water  interface  the  concentrations  decrease  rapidly 
to  a minimum  at  a depth  of  5 to  6.5  m (12  to  13.5  m below 
the  sea  ice  surface).  At  this  depth,  the  calcium,  sulfate, 
and  magnesium  concentrations  are  respectively  about  25  %,  36 
%,  and  60  % of  the  concentrations  found  in  the  surficial 
sediments.  At  greater  depths,  the  concentrations  only 
gradually  Increase  down  to  a depth  of  about  9 to  9.5  m (16 
to  16.5  m below  the  sea  ice  surface),  below  which  they 
increase  more  rapidly. 
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Figure  17.  Calcium,  magnesium,  sulfate,  and 
alkalinity  as  a function  of  depth  for  borehole  PBS. 


In  contrast  to  the  calcium,  magnesium,  and  sulfate  ions, 
the  alkalinity  increases  down  to  a depth  of  9 to  9.5  m below 
the  sediment/water  interface  (Fig.  17d)  . Concentrations  of 
up  to  9 times  that  found  in  the  overlying  seawater  were 
measured.  These  high  alkalinities  are  reflected  in  the 
bicarbonate  to  chloride  ratios  in  Table  7.  The  average 
ratio  for  PBS  is  more  than  4 times  that  of  any  other  hole. 


These  distributions  may  be  due  to  the  oxidation  of 
organic  matter  in  a reducing  environment.  Just  prior  to 
analysis,  many  of  the  sediment  samples  had  a rind  of  lighter 
colored  sediment  surrounding  a much  darker  inner  core.  This 
rind  was  probably  caused  by  the  oxidation  of  reduced 
chemical  species,  such  as  ferrous  iron,  and  suggests  that 
the  original  sediments  were  reducing  in  nature.  Under  these 
conditions,  bacteria  obtain  oxygen  for  the  oxidation  of 
organic  matter  by  converting  sulfate  ions  to  sulfide  ions. 
The  reaction  may  be  summarized  as  follows: 


SO  ■ S +20 
4 2 
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S +0  + 2 CH  0 

2 2 


H S + 2 HCO 
2 


As  a cesult  of  this  reaction,  the  alkalinity  of  the  water 
would  increase  and  would  further  react  with  calcium  and/or 
magnesium  to  form  calcium  and/or  calcium-magnesium 
carbonates.  X-ray  diffraction  studies  on  the  sediments 
indicate  that  both  calcite  (calcium  carbonate)  and  dolomite 
(calcium-magnesium  carbonate)  are  present  in  the  sediments. 
However,  because  the  Sagavanir ktok  River  drains  through  both 
limestones  and  dolomites  in  the  Brooks  Range,  these  minerals 
may  also  be  detrital. 

Part  of  the  decrease  in  magnesium  may  also  be  due  to  the 
recrystallization  of  calcium  carbonate  to  dolomite.  This 
recrystallization  could  occur  either  by  the  simple 
replacement  of  magnesium  for  calcium,  with  a net  increase  in 
the  calcium  concentration  of  the  interstitial  water,  or  by 
the  recrystallization  of  calcite  to  dolomite,  with  the  net 
loss  of  alkalinity.  The  reactions  are  listed  below. 

++  ++ 

Simple  Replacement  2 CaCO  + Mg  = CaMg(CO  ) + Ca 

3 3 2 

+ + * 

Recrystallization  CaCO  + Mg  +2  HCO  * CaMg(CO  ) + H CO 

3 3 3 2 2 3 

For  PBS,  the  second  mechanism  is  more  likely  to  have 
occurred  because  bicarbonate  ion  would  be  consumed. 

PB9  is  different  from  the  other  holes  primarily  because 
it  is  located  on  land.  Table  7 indicates  that  all  ions  are, 
on  the  average,  enriched  relative  to  the  chloride  ion 
concentration  with  the  exception  of  sodium,  which  is 
depleted  (cf.  O'Sullivan,  1963).  In  the  surficial  sediments 
down  to  a depth  of  about  0.3  m,  the  solutions  consist  of 
predominantly  sodium,  calcium,  and  chloride,  suggesting  that 
these  ions  may  have  been  derived  from  sea  spray.  Underneath 
this  layer,  the  salt  content  drops  rapidly  and  the 
composition  of  the  solution  changes  to  one  which  is 
dominated  by  calcium,  sulfate,  and  bicarbonate  ions.  This 
zone  is  probably  characterized  by  leaching  of  the  more 
soluble  salts.  Below  a depth  of  about  1.5  to  3 m,  the 
composition  becomes  progressively  more  like  that  of  normal 
seawater,  with  sodium  and  chloride  being  the  dominant  ions. 

It  is  likely  that  the  interstitial  water  in  the  bottom  of 
PB9  is  relict  seawater  rather  than  seawater  which  has 
recently  infiltrated  into  the  permeable  sands  and  gravels. 
During  the  Sangamon  interglaciation,  most  of  the  coastal 
areas  of  the  Arctic  Coastal  Plain  were  inundated  by  the 
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Arctic  Ocean  (or  Beaufort  Sea)  , and  it  is  likely  that  most 
of  the  pore  spaces  in  the  sediments  were  filled  with 
seawater.  As  the  coastal  plain  emerged  from  the  sea  at  the 
beginning  of  the  Wisconsin,  permafrost  developed  in  the 
sediments  and  "sealed  in"  the  marine  interstitial  water 
composition.  Freezing  and  thawing,  weathering,  leaching, 
and  the  influx  of  fresh  water  would  cause  the  composition  of 
the  pore  water  to  change  in  the  surface  layer  of  sediment. 
However,  below  the  freezing  and  thawing  layer,  little  change 
in  the  interstitial  water  composition  would  be  expected. 
The  sodium  to  chloride  ratios  in  the  sediments  below  a depth 
of  3m  (Table  5)  tentatively  support  this  hypothesis.  If, 
on  the  other  hand,  the  higher  concentrations  at  depth  were 
due  to  the  recent  influx  of  seawater  into  the  permeable 
sands  and  gravels,  then  water  in  these  sediments  would  have 
to  be  mobile.  Osterkamp  and  Harrison  (1976)  have  published 
temperature  data  for  hole  -'226  (Pig.  3)  which  suggest  that 
all  of  the  sediments  in  PB9  should  have  temperatures  well 
below  -5°C.  At  these  temperatures,  water  of  the  salinity 
found  in  PB9  should  be  entirely  frozen,  and  water  movement 
would  be  Impeded. 

Comparison  with  other  Studies 

In  general,  most  of  the  results  described  above  compare 
well  with  those  of  other  studies.  Iskandar  et  al.  (1978), 
for  example,  have  reported  chemical  analyses  for  holes  PBl, 
Pp2,  and  PB3  (Fig.  3).  PB3  lies  mid-way  between  PB7  and 
PBS,  and  the  seawater  composition  found  at  PB3  should  be 
close  to  that  found  at  the  other  two  stations.  Table  8 
shows  the  seawater  compositions  for  PB3,  PB7,  and  PBS  as 
well  as  that  for  normal  seawater.  On  the  whole,  these 
values  agree  well  for  sulfate,  alkalinity,  and  potassium. 
Calcium  at  PB3  is  slightly  lower  than  that  found  at  either 
PB7  or  PB8  and  may  have  resulted  from  calcium  carbonate 
precipitation  during  transportation  back  to  CRRBL  in 
Hanover,  N.H.,  where  the  analyses  reported  in  Iskandar  et 
al.  (1978)  were  conducted.  Magnesium  values  at  PB3  appear 
to  be  substantially  lower  than  those  found  either  in  normal 
seawater  or  at  PB7  and  PBS.  The  reason  for  these  lower 
values  is  not  known,  but  they  may  be  due  to  sample  handling 
and/or  analytical  errors.  Conductivity  data  at  PB7  and  PBS 
are  lower  than  at  PB3.  Given  the  chloride  data,  these 
conductivities  appear  to  be  too  low  and  were  probably  due  to 
an  instrumental  error. 

Table  9 shows  a comparison  of  the  interstitial  water 
analyses  for  PB3  and  PB7.  Generally,  the  analyses  agree 
well  for  sulfate,  alkalinity,  potassium,  and  calcium.  The 
pH  data  at  PB3  are  slightly  lower  than  those  found  at  PB7, 
but  this  may  not  be  significant  when  compared  to  analytical 
precision.  Conductivities  at  PB3  also  appear  to  be  lower 
than  those  found  at  PB7.  However,  a glance  at  the  profiles 
(Fig.  18)  shows  that  the  data  for  the  two  stations  are 
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Tabl*  «. 


Scavatar  Ionic  concantcatlona  toi  l-oj,  k’UI, 
and  PBS. 


ll 
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PBl 

(Iskandar 
at  al . , 

This 

Study 

Normal 

Sea- 

K 

Paraaatar 

1978) 

PB7  ant 

PB8 

water 

1 

(' 

Chlor  Ida 

18.57 

- 

19.56 

18.980 

i 

Sulfate 

2.2  - 2.4 

2.15 

- 

2.57 

2.648 

1 

Bicarbonate 

0.1 

0.11 

- 

0.13 

0.142 

1 

■ 1 

Sodium 

10.34 

- 

10.93 

10.561 

( 

Potassium 

0.49  • 0.S2 

0.44 

- 

0.46 

0.  380 

i 

■t 

Calcium 

0.20  - 0.10 

0.42 

- 

0.44 

0.  400 

Magnesium 

0.4S  - 0.60 

1.25 

- 

1.32 

1.272 

3 

53 

j 

Conductivi  ty 

63.04  - 53.13 

44.21 

- 

50.81 

All  ionic  concentrations  are  in  parts  per  thousand. 
Conductivity  is  in  millimhos  per  centimeter,  corrected 
to  25^0. 

2 

Analyses  are  obtained  from  the  49th  edition  of  the 
Handbook  of  Chemistry  and  Physics  (1968) . 

3 

Iskandar  et  al.  (1976). 
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Table  9.  Intarstitial  watar  Ionic  concantratlona  and  ratloa 
foe  PB3  and  PBT. 
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Pacanetar 

PB3 

(laliandat 
at  al . , 

1978) 

Thia  Study 

PB7 

Normal 

Saa- 

aatar 

pH 
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7.95 

7.67 
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8.14 
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Conductivi ty 

41.30  - 

55.37 

47.12 

- 

61.06 

3 
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Chlor  ide 

12.0  - 
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18.12 

- 

24.94 

18.980 

Sulfate 

2.0  - 

2.7 

1.82 

- 

2.58 

2.648 

Bicarbonate 

U.l  - 

0.3 

0.12 

- 

0.39 

0.142 

Sodiun 

10.01 

- 

13.94 

10.561 

Potasaiua 

0.45  - 

0.85 

0.54 

- 

0.81 

0.  180 

Calcium 

0.20  - 

0.30 

0.37 

- 

0.69 

0.400 

Hagneaium 

0.31  - 

0.70 

1.13 

- 

1.52 

1.272 

Ion  to  chlor  i^e  ratloa 

Potaaaiun 

0.0280  - 

0.0559 

0.0289 

- 

0.0381 

0.0200 

Calcium 

0.0106  - 

0.0462 

0.0204 

- 

0.0299 

0.0211 

Magnealum 

0.0204  - 

0.0467 

0.0562 

- 

0.0650 

0.0670 

Sulfate 

0.1075  - 

0.1929 

0.085 

- 

0.117 

0.1395 

Bicarbonate 

0.0053  - 

0.0161 

0.0049 

. 

0.0186 

0.0075 

1 

All  ionic  concantratlona  are  in  parta  per  thouaand. 
Conductivity  ia  in  mlllinhoa  par  cantiaeter,  corrected 
to  2i°C. 

2 

Analyaea  are  obtained  fcoa  the  49th  edition  of  the 
lyndbook  of  Cheniat^  and  Phyaica  (1968). 

3 

Iskandar  et  al.  (1978). 


56 


comparable. 
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Figure  18.  Conductivity  as  a function  o£  depth  for 
PB3  and  PB7.  Data  for  PB3  from  Iskandar  et  al . 
(1978)  . 


The  magnesium  and  chloride  concentrations  for  PB3  are  } 

also  lower  than  those  found  at  PB7.  The  magnesium  | 

concentrations  at  PB3  are  about  half  those  observed  at  PB7 
and  the  magnesium  to  chloride  ratios  (Table  9)  are  lower  i 

than  those  for  normal  seawater.  These  lower  values  may  be  | 

due  to  the  adsorption  of  magnesium  on  clays.  Chloride  ion 
concentrations  appear  to  be  about  5 ppt  lower  at  PB3  than  at 
PB7  (Fig.  19)  and  the  ratios  of  potassium,  calcium,  and 
sulfate  to  chloride  are  higher  than  those  for  normal 
seawater.  These  lower  chloride  concentrations  may  be  due  to 
differences  between  the  two  collection  sites  or  to 
analytical  errors. 

In  addition  to  the  findings  of  Iskandar  et  al.  (1978), 

Osterkamp  and  Harrison  (1976)  have  reported  chemical 
analyses  for  holes  191,  481,  and  3370  (Fig.  3).  These 

analyses  were  performed  by  a commercial  laboratory  and  some 
of  the  values  agree  well  with  the  data  presented  here. 

However,  major  differences  occur  in  the  sodium,  potassium, 
magnesium,  and  chloride  concentrations.  Osterkamp  and 
Harrison  have  questioned  the  results,  suggesting  that 
evaporative  loss  during  transport,  contamination  from  the 
drilling  mud,  and/or  analytical  errors  may  have  caused  the 
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results  to  be  significantly  different  from  those  of  normal 
seawater . 


Chlofids,  Ports  por  thousond 


Figure  19.  Chloride  concentration  as  a function  of 
depth  for  PB3  and  PB7.  Data  for  PB3  from  Iskandar  et 


Summary  and  Conclusions 


1-  The  sediments  in  Prudhoe  Bay  consist  of  a thin  layer  of 
marine  muds  overlying  glacial  and  fluvial  gravels. 
Generally,  the  muds  are  calcareous  and  contain  relatively 
high  ^unounts  of  both  interstitial  water  and  organic 
carbon  whereas  the  gravels  contain  lower  amounts  of  these 
substances.  On  land,  the  marine  muds  are  absent  and  in 
their  place  are  sands  and  silts  containing  abundant 
amounts  of  peat.  Water  and  organic  carbon  contents  in 
these  latter  sediments  were  much  higher  than  those  found 
offshore. 

2-  During  the  early  spring  of  1977,  seawater  in  Prudhoe  Bay 

varied  in  salinity  from  33.4  to  57.3  parts  per  thousand 
(ppt) . The  higher  salinities  were  found  near  the  shore 
where  sea  ice  is  frozen  directly  to,  or  is  located  near, 
the  sea  bottom,  or  where  circulation  with  more  open  water 
is  restricted.  These  brines  probably  resulted  from  salt 
exclusion  during  the  formation  of  sea  ice.  The  lower 
salinities  were  found  further  offshore  and  were 

approximately  1.0  to  1.5  ppt  less  saline  than  normal 
seawater.  Work  by  other  investigators  in  different  areas 
of  the  continental  shelf  suggest  that  these  salinities 
are  characteristic  of  the  upper  200  m of  the  Beaufort  Sea 
for  this  time  of  year. 

Temperature  in  the  Prudhoe  Bay  seawater  samples  was 
inferred  to  vary  from  -2.95°C  near  the  shore  to  -1.8°C 
further  offshore.  These  values  were  obtained  by 

calculating  the  freezing  points  from  the  salinity  data 
and  assuming  that  all  of  the  seawater  samples  were  in 
equilibrium  with  the  sea  ice. 

Chemical  analyses  of  the  seawater  samples  showed  that 
sodium,  magnesium,  and  chloride  ions  were  all  present  in 
the  same  proportions  as  for  normal  seawater.  Calcium  and 
potassium  were  enriched  relative  to  the  chloride  ion 
concentration  by  about  6 and  18  %,  respectively,  whereas 

alkalinity  and  sulfate  were  both  depleted  by  about  12  to 
13  %.  No  general  explanation  for  these  deviations  from 
the  composition  of  normal  seawater  can  be  offered  at  this 
time . 


The  salinity  of  the  interstitial  water 
was  highest  near  the  shore  where  seawa 
highly  concentrated  brines,  infil 
surficial  layer  of  sediment.  Highly 
also  found  immediately  below  sediments 
of  the  sea  bed  in  which  some  of  the 
was  believed  to  be  frozen.  All  of  the 
samples  had  a sodium  to  chloride  rati 
for  normal  seawater,  suggesting  tha 


in  the  sediments 
ter,  consisting  of 
trated  into  the 
saline  water  was 
near  the  surface 
interstitial  water 
interstitial  water 
o similar  to  that 
t the  interstitial 
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water  had  been  originally  seawater  which  had  either 
infiltrated  into,  or  been  deposited  with,  the  sediments. 

In  sediments  inferred  to  be  mildly  reducing, 
relatively  more  potassium,  calcium,  and  alkalinity,  and 
less  sulfate  and  magnesium,  are  found  in  the  interstitial 
water  than  in  normal  seawater.  These  changes  in  the  pore 
water  composition  are  thought  to  result  from  the 
oxidation  of  organic  carbon,  cation  exchange  reactions, 
dissolution  of  calcium  carbonate,  weathering  of 
potassium-rich  minerals,  reduction  of  sulfate  by 
bacteria,  and  possibly  replacement  of  magnesium  for 
calcium  in  calcium  carbonate.  In  more  strongly  reducing 
sediments,  relatively  more  potassium  and  alkalinity,  and 
less  calcium,  magnesium,  and  sulfate,  are  found  in  the 
interstitial  water  than  in  normal  seawater.  These 
variations  may  be  due  to  the  recrystallization  of  calcium 
carbonate  to  dolomite  and  the  precipitation  of  calcium 
and/or  calcium-magnesium  carbonates  in  addition  to  most 
of  the  other  mechanisms  given  above. 

4-  On  land,  the  salinity  of  the  interstitial  water  varies 
from  0.5  to  12.5  ppt.  In  the  peat  layer  located  in  the 
upper  2 to  3 m of  the  sediment  column,  salinity  is  less 
than  1.5  ppt  and  the  composition  of  the  water  is 
predominated  by  calcium,  bicarbonate,  and  sulfate  ions. 
This  layer  is  probably  characterized  by  freezing  and 
thawing,  leaching,  weathering,  and  infiltration  of  fresh 
water  from  the  surface.  Below  a depth  of  about  3 m,  the 
salinity  gradually  increases  with  depth  and  the 
interstitial  water  becomes  more  like  normal  seawater  in 
composition.  This  water  probably  represents  relict 
^eawater  that  was  trapped  as  a result  of  the  development 
»f  permafrost  in  the  sediments  shortly  after  the  area 
emerged  from  the  sea. 

5-  In  the  boreholes  drilled  offshore,  evidence  of  frozen 

water  was  found  in  most  of  the  sediments  located  near  the 
surface  of  the  sea  bed.  This  frozen  layer  of  sediments 
was  up  to  3.5  m thick  and  is  believed  to  develop  annually 
during  the  winter  months.  Because  the  sediments  lacked 
visible  ice  crystals  and  because  resistance  to 

penetration  during  either  drilling  operations  or 
penetration  tests  was  not  markedly  different  from  that  in 
unfrozen  sediments,  it  is  inferred  that  the  sediments 
located  near  the  surface  of  the  sea  bed  were  only 
partially  frozen  and  were  not  ice-bonded.  Penetration 
tests  in  shallower  water  (less  than  1.5  m) , however, 
indicated  that  the  sediments  there  were  bonded  to  a much 
greater  degree.  Concentrated  brines  were  found 

immediately  beneath  the  partially  frozen  layer  and  are 
thought  to  result  from  salt  exclusion  during  the  freezing 
of  the  interstitial  water. 
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6-  Ice-bonded  permafrost  was  encountered  in  boreholes  PB6 

and  PB7,  at  depths  of  approximately  30.5  and  62  m,  ^ 

respectively.  This  conclusion  was  based  on  the 
calculated  freezing  points,  the  borehole  temperature 
data,  the  increased  resistance  to  casing  installation  at  ^ 

these  depths,  and  the  physical  examination  of  samples 
from  PBS.  Visible  ice  was  not  observed.  i | 

F- 

On  land,  ice  crystals  and  ice  lenses  were  found  in  the 
peat  layer  down  to  a depth  of  about  3 m.  Below  this 
depth,  no  visible  ice  crystals  were  reported;  this  may 
I have  been  due  to  the  thermal  and  mechanical  disturbance 

j caused  by  drilling. 


i 
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APPENDIX 


Chcalcal  analyst*  of  intarstltial  and  saawator  samples  from  Prudhoa  Bay, 
Alaska!  In  mil  1 lequivalent*  par  liter. 
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Chenical  analyaes  of  Intaratitial  and  aeawatac  aanplaa  fcoai  Prudhoa  Bay. 
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16S.0 

7.9 

15.2 

20.1 

196.4 

3.0 

SNl  NS-1 

1.83 

4SS.3 

11.2 

20.8 

103.2 

529.9 

40.0 

SNl  N8-2 

3. OS 

4S6.0 

11.2 

20.6 

104.2 

523.3 

44.1 

SNl  N8-1 

4.27 

4S0.2 

11.0 

20.3 

103.0 

526.1 

50.1 

SN2  N8-1 

1.83 

4$8.3 

11.4 

20.7 

104.8 

528.0 

42.2 

SN2  NS-2 

3.66 

4S$.7 

11.6 

20.9 

103.5 

526.1 

58.5 

3N2  N8-1 

S.18 

463.2 

10.6 

20.7 

103.4 

526.1 

50.3 

PB7  N8-1 

0.30 

473.9 

11. S 

22.0 

107.3 

539.3 

49.4 

PB7  NS-2 

l.OS 

467.  S 

11. S 

21.0 

105.9 

534.6 

53.5 

PBS  NS-1 

1.62 

537.8 

13.6 

24.6 

123.2 

621.0 

61.2 

•2.3 

PBt  NS-1 

1.81 

747.1 

19.4 

35.7 

175.4 

911.2 

82.7 

3.4 

PB7  NS-3 

1.9S 

47S.6 

11.8 

22.2 

108.8 

551.8 

51.4 

2.0 

PBt  NS-1 

2.00 

4S1.9 

11.4 

20.9 

105.2 

527.3 

44.7 

1.9 

PBS  N8-2 

4. SO 

4S2.2 

11. S 

21.1 

103.0 

523.7 

46.9 

2.0 

PBt  N8-3 

7.00 

449.7 

11.3 

20.9 

103.0 

525.8 

44.9 

2.1 

1 

in 

2 


alkalinity  ia  aapraaaad  aa  bicarbonata 


